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Chapter 1 provides an introduction to heteroborane chemistry with particular attention on 
the substitution of Lewis acid and Lewis base groups onto carborane cages.  The various 
methods used to assess Lewis acidity and basicity are discussed.  An introduction to 
frustrated Lewis pairs (FLPs) is also given. 
 
Chapter 2 reports the synthesis and characterisation of Lewis ac d carboranes, with the 
first examples of catecholboryl-carboranes.  The Lewis acidities of a series of Lewis acid 
carboranes were ranked using a modified Gutmann-Beckett experiment and compared to 
that of B(C6F5)3 for use in FLP catalysis. 
 
Chapter 3 reports the formation of novel carboranylphosphines based on 
1,1́-bis(meta-carborane).  The characterisation of a series of (carboranyl)phosphine 
selenides is reported and the basicity of the parent (carboranyl)phosphine is ranked based 
upon 1JPSe.  The relationship between 1JPSe and the P=Se bond length is explored for the 
series of (carboranyl)phosphine selenides and the relationship between the experimental 
1JPSe and the DFT calculated proton affinity is investiga ed. 
 
Chapter 4 explores the catalytic activity of Lewis acid and Lewis base carboranes as FLP 
catalysts in Michael addition and hydrosilylation reactions. 
 
Chapter 5 discusses preliminary investigations into the synthesis of intramolecular FLP 
carboranes.  The synthesis and characterisation of the first example of an intramolecular 
FLP carborane is reported, along with assessment of the Lewis acidity and basicity of the 
compound for possible application in hydrosilylation catalysis.  
 
Chapter 7 contains the experimental details for the compounds and catalytic conditions 
discussed.  Appendix A is the crystallographic tables for all compounds studied by XRD 
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Boron is the first element in group thirteen of theperiodic table.  It has the chemical 
symbol B, an atomic number of five and an atomic mass of 10.811 g mol-1.  Boron has 
two stable isotopes, 10B and 11B in 19.78% and 80.22% abundance respectively, bothof 
which are NMR active with a nuclear spin of 3 and 3/2, respectively.  Boron was 
discovered simultaneously in 1808 by Sir Humphry Davy nd by Gay-Lussac and 
Thenard.1  
 
Elemental boron exists as B12 icosahedra with the bonds within the icosahedra being 
multicentre bonds and the bonds between the icosahedr  being covalent two- and 
three-centre bonds.2  
 
The elemental form of boron is not present in nature, instead it forms complexes with 
sodium and oxygen such as borax, [Na2B4O5(OH)4.8H2O], and kernite, 
[Na2B4O6(OH)2.3H2O].  Boron enters the human body through the consumption of fruit 
and vegetables and is essential for healthy bone dev lopment and cell membrane 
maintenance, with boron existing in the body as boric acid.3  Elemental boron can be 
prepared by reducing boron trihalides with hydrogen usi g electrically-heated filaments. 
 











Boron hydrides are compounds consisting of boron and hydrogen and were first isolated 
by Alfred Stock in the early 20th century.4  Initially, the simplest boranes were predicted 
to have structures resembling their carbon analogues in the form of chains and rings.4  
However, crystallographic investigations by Lipscomb5 and by Kasper et al.6 identified 
the structures of the lower boranes and decaborane (B10H14) to be polyhedral.  The 
polyhedral structures are represented as deltahedra, with the lines connecting skeletal 
vertices showing the connectivities between the atoms.  These depict only the geometry 
of the molecule and are not representative of electron-pair bonds.  Conversely, 
exo-polyhedral lines do represent electron-pair bonds.7 
 
Boron hydrides were seen as electron-deficient because boron has an electronic 
configuration of three valence electrons in four valence orbitals.  However, the 
multicentre bonding present in these molecules means that the electrons are delocalised 
around the molecule.  In fact, larger boranes such as [B12H12]2- are very stable and the 
addition of a pair of electrons leads to the opening of the cage and formation of a higher 
energy species, suggesting that these compounds are not electron-deficient.  Therefore, 
the bonding within boron hydrides cannot be described as conventional 
two-centre-two-electron covalent bonds due to the boron vertices within the polyhedron 
possessing greater than four neighbours.  The bonding within boranes is best viewed as 
delocalised. 
 
In an attempt to describe the multicentre bonding present in boron hydrides, Lipscomb 
and co-workers developed an approach that introduced the concept of a 
three-centre-two-electron bond, which consists of three atoms connected by one electron 
pair.8  For example, in the molecule diborane, B2H6, the four terminal BH units can be 
described as conventional two-centre-two-electrons bonds, Figure 1.1.  However, the 
interactions between the two bridging hydrogen atoms and the two boron atoms can be 












































1.3 Polyhedral Skeletal Electron Pair Theory 
 
Lipscomb developed a topological model which was able to predict possible borane 
valence structures for a given borane composition.5  The basis of the approach relies on a 
balance between the number of orbitals and electrons.5  However, the model becomes 
over complicated when (1) large deltahedral clusters such as [B12H12]2- are considered 
and (2) when main group units, like carbon, are incorporated into the framework.11  
 
Williams recognised that not all borane and carborane structures are derived from an 
icosahedron.12 When placed in three groups, closo n-vertex, nido (n - 1)-vertex and 
arachno (n - 2)-vertex polyhedra, the shapes of the nido and arachno boranes and 
carboranes were found to be based upon the closoparent polyhedron (where n = number 
of vertices).12  Williams also noted that the conversion from closo to nido structures 
resulted in the removal of the highest connected vertex.12 
 
Following the work by Williams,12 Wade recognised that the structural patterns between 
the closo, nido and arachno polyhedra were due to the number of skeletal electron pairs 
(SEPs) holding the polyhedron together.13  Wade developed a set a rules which denoted 
that closo polyhedra with n vertices possessed (n + 1) SEPs, with nido and arachno 
polyhedra having (n + 2) and (n + 3) SEPs, respectively.  These rules are formally known 
as Wade’s rules.13  
 
The number of SEPs can be obtained by separating the polyhedron into fragments and 
calculating the electron contribution, (s), to cluster bonding from each fragment.  Firstly, 
to calculate s the sum of the valence electrons, (v) possessed by the vertex atom and the 
electron contribution from any exo-polyhedral atoms to the vertex, (x) is calculated.  
Secondly, the number of electrons occupied in non-cluster bonding for the vertex (i.e. 
substituents or lone pairs of electrons), (y are subtracted from the v + x value, Equation 
(1.1).  Thirdly, all the s values for each fragment in the cluster are summed and then 
altered depending on whether the cluster possesses any overall charge to give the total 
number of skeletal electrons.13  The overall number of skeletal electrons is then alved to 




                           s = v + x – y                (1.1) 
 
For example, in [B12H12]2- each {BH} vertex contributes two skeletal electrons to cluster 
bonding.  This is derived through the s = v + x – y relationship because boron possesses 
three valence electrons (v) and obtains one electron from the hydrogen substit ent (x).  
The subtraction of the two electrons involved in the B-H bond (y) leaves the two skeletal 
electrons (s). Therefore, the combination of all twelve {BH} fragments and the addition 
of the negative two charge gives 26 skeletal electrons or 13 SEPs.  Prior to Wade’s work, 
Longuet-Higgins and Roberts deduced that an icosahedron of boron atoms required 
twenty-six skeletal electrons to have a closed shell el ctronic configuration.14  
 
Mingos subsequently extended Wade’s rules to include electron-precise and electron-rich 
polyhedra, such as transition-metal carbonyl compounds, and the rules were then referred 
to as the Wade-Mingos rules, or more generally as the Polyhedral Skeletal Electron Pair 
Theory (PSEPT).15, 16   
 
Incorporating the work by Wade and Williams, Rudolph developed a paradigm which 
emphasised the relationship between skeletal electron ount and the structure of boranes 
and heteroboranes.7  The Wade-Williams-Rudolph Paradigm for Electron Requirements 
of Clusters (PERC) identifies that as well as the consistent number of SEPs for a closed 
or fragmented shape, the transition from a nido to arachno shape resulted in the loss of 
















Figure 1.2 The PERC developed by Ruldoph showing the relationship between SEPs 
and the shape of the cluster.7  The highest connected vertex removed from 
the closo species is highlighted in blue and the next highest connected in the 












































The replacement of boron vertices in a cluster with carbon vertices creates a subclass of 
borane clusters known as carboranes.  A common example of a carborane is the 
replacement of two {BH} fragments with two {CH+} fragments in the twelve-vertex 
borane cluster [B12H12]2- which creates the neutral, icosahedral 
dicarba-closo-dodecaborane(12), C2B10H12.  However, clusters of different sizes with 
greater and fewer carbon vertices exist.17  The carbon vertices within the polyhedron 
typically have three or more connections to the neighbouring vertices.  
 
In the twelve-vertex carborane cluster, C2B10H12, the position of the two carbon vertices 
relative to each other determines the isomeric form.  Three possible isomers exist; 
ortho-carborane where the carbon atoms are adjacent to each other, meta-carborane where 
the carbon atoms are separated by a pentagonal belt of boron atoms and para-carborane, 
where the carbon vertices are separated at the furthest points of the icosahedron by two 





Figure 1.3     The three isomers of C2B10H12, ortho-, meta-, and para-carborane. 
 
The formation of ortho-carborane occurs through a polyhedral expansion of 
nido-decaborane, B10H14, by the incorporation of two carbon vertices simultaneously 
from an acetylene molecule, Scheme 1.1.  This synthetic route forms the ortho-isomer 
exclusively.  This synthesis was first reported by Sz manski and co-workers and requires 
the presence of a Lewis base catalyst such as acetonitrile, dimethyl- or diethylsulfide.18  
The Lewis base promotes the opening up of the decaborane cage from nido to arachno 
which allows for the insertion of the two carbon vertices.  The absence of a Lewis base 
slows the formation of the carborane and results in dramatically reduced yields.18, 19  A 
substituted alkyne can also be used to form the substit ted ortho-carborane analogue.  




nido-B10H14 with either terminal or internal alkynes in a biphasic mixture of toluene and 
a catalytic quantity of an ionic liquid.20  This alternative route produces substituted 





Scheme 1.1 The formation of the ortho-carborane, closo-1,2-C2B10H12, from the 
insertion of acetylene into the Lewis adduct-substituted decaborane, 
(B10H12)L2, where L denotes the Lewis base. 
 
To obtain the meta- and para-isomers the intramolecular rearrangement of the carbon and 
boron vertices can be made to occur through heating ortho-carborane in vacuo to 425 °C 
to form the meta-isomer,21 and over 600 °C for para-carborane,22 Scheme 1.2.  The rapid 
conversion of ortho- to meta-carborane can be achieved through a flow reactor at 600 °C 





Scheme 1.2 High temperature thermal conversion of the three isomeric forms of the 
twelve-vertex carborane. Shown left to right is the conversion of 
ortho-carborane to form meta-carborane and the conversion to 
para-carborane. 
 
A mechanism for the isomerisation of the three isomers of carborane was proposed by 
Lipscomb and co-workers.24-26  Through experimental observations and theoretical 
calculations Lipscomb devised a mechanism which involved a rearrangement in the cage 
called a diamond-square-diamond (DSD) transition.26  The rearrangement involves a 
diamond of four vertices within the cluster, initially two of which could be adjacent 




two carbon vertices then elongates and breaks to form a square.  The formation of a new 
connectivity occurs across the square, perpendicular to the previous connectivity, with a 
new diamond being obtained.  Lipscomb proposed that ortho-carborane experiences six 
simultaneous DSD rearrangements to form a cuboctahedr l intermediate which then goes 
on to form meta-carborane.26  Although the DSD theory can be applied to the 
isomerisation of ortho- to meta-carborane, it does not account for the formation of the 






Figure 1.4 A diamond-square-diamond, DSD, rearrangement for the interconversion of 
carborane isomers by Lipscomb.26   
 
Another theory for the isomerisation of carborane clusters involves a 
triangular-face-rotation (TFR) which consists of an equilateral triangle comprised of three 
vertices which goes through a transition of lifting, rotating 120° and lowering, Figure 
1.5.27  The TFR mechanism accounts for the formation of ortho- to meta-carborane but 
the conversion of meta- to para-carborane was computationally calculated to go via a 
series of open-face intermediates which have a lower fre  energy barrier.28  It should also 







Figure 1.5 The proposed 120° triangular-face-rotation (TFR) highlighted in red and the 
separation of the two carbon vertices to form the m ta-isomer from 
ortho-carborane. 
 
Theoretical calculations into the isomerisation of the three isomers of C2B10H12 were also 
carried out by Wales, which can account for the isomerisation between all three isomers.30  




icosahedral carborane isomers through a series of stepwise single, double or triple DSD 
rearrangements.30  These intermediates could then be obtained throug lower energy 
barriers30 than that of the six simultaneous DSD transitions proposed by Lipscomb.26  
Wales had suggested that intermediates of stepwise DSD transitions could be potentially 
isolated.30  Welch and co-workers isolated an intermediate possessing a shape proposed 
by Wales in the ortho- to meta-carborane isomerisation.31  The non-icosahedral 
diphenyl-substituted metallacarborane was isolated  room temperature and when heated 
isomerised to form the meta-isomeric form of the metallacarborane.31  However, the 






























To be able to distinguish different positions and various isomers within the 
closo-carborane cage the vertices are identified through numbered positions according to 
IUPAC rules.  The numbering system begins with identifyi g the highest axis of 
symmetry for the parent polyhedron.  Following the numbering of the first vertex, i.e. 
vertex 1, the numbering moves to the next belt and continues around in a clockwise 
manner.  Once the numbering of the belt is complete it proceeds to the next successive 






Figure 1.6 The IUPAC numbering scheme for an icosahedral carbor ne with each 
numbered vertex shown.  
 
Heteroatoms are assigned the lowest number relative to their atomic number.  The higher 
the atomic number, the lower the assigned vertex number.  The exception to this rule is 
carbon which takes priority and is assigned the lowest possible number.  This allows for 
carboranes in different isomeric forms to be easily identified even if other heteroatoms 
are present with the cage.  Following the numbering scheme ortho-, meta- and 
para-carborane are the 1,2-, 1,7- and 1,12-isomers, respectively.  For nido cages, the 
numbering system follows the same patterns, except th  numbering commences from the 










1.6 Characterisation of Carboranes 
 
The characterisation of carborane compounds can be carried out through a variety of 
techniques.  Firstly, carborane compounds have chara teristic, rounded mass spectral 
profiles with a sharp cut-off peak at the highest mass number.32  Fragmentation of the 
carborane cage is difficult due to its high stability, leading to the sharp cut-off peak at 
high mass number.32  However, fragmentation can be seen for loss of exo-polyhedral 
substituents.  Within the carborane cage it is possible to have a distribution of the two 
isotopes of boron, 10B and 11B.  This is observed in the mass spectrum as a broad profile 
resulting from the various combinations of 10B and 11B isotopes for each boron vertex, 
Figure 1.7.  The statistical likelihood of having all 11B vertices is smaller than the 
combination of having both 10B and 11B.32  Therefore, the intensity of the peak resulting 
from a combination of 10B and 11B is higher than a carborane cage containing only 11B 

















Secondly, NMR spectroscopy can be a useful tool in characterising carborane 
compounds, giving an insight into the nature of the boron and carbon vertices within the 
cage.  As icosahedral carborane cages are primarily boron-based the main spectroscopic 
NMR technique is 11B NMR spectroscopy, however, both 10B and 11B are NMR active 
nuclei with nuclear spins of 3 and 3/2, respectively.  The quadrupolar nature and slow 
relaxation time on the NMR time scale for both isotopes causes broader signals in 
comparison to 1H NMR spectra.33  The higher natural abundance and larger magnetic 
moment of 11B leads to the more frequent use of 11B NMR spectroscopy compared to 10B 
NMR spectroscopy.33  The typical range for 11B NMR is between 130 to -80 ppm, with 
resonances for closo-carborane cages being typically between 5 and -25 ppm, Figure 1.8.  
A larger range is seen for carborane and borane species with open faces, such as 
decaborane (B10H14) or [C2B9H12]-, with some resonances extending to lower frequency.  
Trigonal boron species are typically at high frequency between 80 and 0 ppm.  11B NMR 
spectra for carborane cages show boron-hydrogen coupling for each Bcage-H, causing each 
resonance to split into a doublet with 1JBH = ca. 150 Hz, Figure 1.8.  Changes to the boron 
vertex substituent can be observed through a change in coupling or even a lack of coupling 
(i.e. a substituent that is not NMR active).  11B{ 1H} NMR spectra can be obtained in 
addition to 11B NMR spectra to remove the Bcage-H coupling.  The symmetry of the 
carborane can be deduced through the number and ratio of resonances.  However, due to 
the broad nature of the resonances and the relatively small chemical shift range, overlap 









Figure 1.8 The 11B NMR spectrum for ortho-carborane, closo-1,2-C2B10H12, in black 





The quadrupolar nature of boron is apparent when analysi g the 1H NMR spectrum of 
ortho-carborane.  For example, the cage carbon H-substituen s (Ccage-H) are broadened 
due to the quadrupolar nature of the skeletal boron vertices surrounding them and the 
overall delocalisation of the cluster.33  This broadening effect also occurs for the Bcage-H 
H atoms within the cage.  1H{ 11B} NMR spectra allow for removal of any coupling to 
11B, which sharpens the Bcage-H resonances and other resonances associated with irect 
11B coupling. 
 
Thirdly, carboranes can be characterised via single crystal X-ray diffraction (SCXRD).  
This technique can be used to identify the isomeric fo m of the compound, as well as the 
overall shape of the cluster, and other structural fe tures such as precise bond distances 
and angles, which cannot be determined by other analytical techniques.  The identification 
of carbon vertices within carborane structures can be difficult when the carbon vertices 
are not substituted because boron and carbon only have a difference of one electron, 
leading to very similar X-ray scattering capabilities.  The knowledge that the length of 
cage connectivities decreases in the order B-B < C-B < C-C can be applied to carborane 
structures to help assign the positions of carbon vertices within the cage.34  This is of most 
use when the carbon vertices are adjacent to each other.  However, this method is less 
effective when; (1) disorder is present in the crystal tructure, (2) the carbon vertices are 
not adjacent to each other and (3) the structure possesses a non-icosahedral shape 
resulting in changes to the connectivity lengths for vertices which have fewer or greater 
than five connectivies.34   
 
Another method employed for identifying the positions of the carbon vertices within 
clusters uses the equivalent isotropic thermal displacement parameter (Ueq).34   When all 
the cage vertices are assigned as boron (giving the prostructure), the vertex assigned with 
insufficient electron density (the unassigned carbon vertex) will give a lower Ueq value 
compared to the correctly assigned atoms.34  Therefore, vertices with small Ueq values 
can be reassigned as carbon vertices.  However, the Ueq values can be affected by the 
surrounding environment.  For example, in metallacarboranes an adjacent metal vertex 






Two methods have been developed by Welch and co-workers that are more applicable 
than previous methods for distinguishing the cage carbon vertices.35, 36  Firstly, with the 
knowledge that the atomic radius of carbon is smaller than that of boron (C = 0.70 Å, 
B = 0.85 Å),37 a method involving the centroid of the cage can be employed.35  The 
distance to each vertex from the internal centroid, the vertex-to-centroid distance (VCD), 
is then measured and the vertex with the shortest distance to the centroid can be identified 
as a carbon vertex.35  The VCD method is independent of any initial vertex assignment.  
McAnaw et al. have been able to use the VCD method to distinguish carbon atoms in 
many structures and in some cases to reassign thosewhich have been interpreted 
incorrectly.35  An additional method developed by McAnaw et al. to identify the position 
of carbon vertices examines the boron-hydrogen-distance (BHD).36  In the prostructure 
the vertices assigned with less electron density than required (i.e. assigned as boron 
instead of carbon) will have shorter BHDs to compensate for the lack of electron density 
at the vertex.36  The position of the carbon vertex can be assigned aft r comparison of the 
BHDs and identification of the shortest bond length.36  The combination of both the VCD 
and BHD methods are now routinely used to identify the carbon vertices in carboranes 




















1.7 Deboronation of Carboranes 
 
The removal of a {BH2+} fragment from a carborane cage results in a nido-fragment of 
the parent structure, which has one less vertex whilst maintaining the same number of 
SEPs.  For example, the removal of a boron vertex fom ortho-carborane results in the 
anion [nido-7,8-C2B9H12]-, which possess two {CH} fragments each contributing three 
electrons, nine {BH} fragments each contributing two electrons and an additional two 
electrons from the negative charge and the twelfth H atom combined.  This gives an 
11-vertex carborane with 13 SEPs, hence an (n + 2) SEP count and a structure which is a 
nido-fragment of an icosahedron.13  
 
The deboronation of ortho-carborane was first carried out by Hawthorne and co-workers 
and involved heating a mixture of ortho-carborane and potassium hydroxide in 
methanol.38  The product was then isolated as the tetramethylammonium salt.38  This 
process was also carried out on substituted ortho-carboranes such as methyl- and 
phenylcarborane 38 and is the most widely adopted method for deboronati  of carborane 
cages, Scheme 1.3.  It has been identified through deuteration experiments that in 
ortho-carborane either B(3) or B(6), which are symmetrically-equivalent, are removed by 
the base during deboronation.39  This can be rationalised by the adjacency of B(3) and 
B(6) to the two cage carbon atoms making them more electropositive in nature leading to 





Scheme 1.3 The deboronation of carborane using alkoxide bases.38  Vertices B(3) and 
B(6) in ortho-carborane are highlighted.  Two views of the product 
[nido-7,8-C2B9H12]- are shown on the right, with the furthest right-hand 





The definitive structure of [nido-7,8-C2B9H12]-  was determined by Welch and co-workers 
with particular emphasis on the nature and positioning of the twelfth H atom.40  It was 
concluded crystallographically that, despite previous reports, the H atom present in the 
open face pentagon was not part of a bridging B-H-B unit but in fact was an endo-proton 
as part of a [BH2] unit at B(10).40  The deprotonation of the endo-proton can be carried 
out with a base, for example n-BuLi, to produce the dianion [nido-7,8-C2B9H11]2-.  The 
open face of this species can be capped with a different vertex, such as a substituted boron 
vertex or a metal fragment.  It was also identified by 11B COSY NMR spectroscopy that 
the two boron vertices that correspond to the low frequency resonances at δ ca. -30 ppm 
are B(10) which possesses the additional endo-proton and B(1) which is antipodal to the 
open face.40 
 
The deboronation of meta-carborane has also been carried out by alkoxides but with 
decreased rates of reaction.  This is due to the increased separation of the cage carbon 
atoms decreasing the net electron-withdrawing effect on the adjacent boron vertices.39  In 
para-carborane the symmetrical nature of the molecule results in all boron vertices 
possessing an equal electropositive charge, therefor  alkoxides alone are not suitable for 
deboronation in this case.  Stronger conditions, such as potassium hydroxide in the 
presence of crown ethers or tetragylme, are required for deboronation.41, 42  
 
In cases where functional groups are sensitive to at ack from strong bases and 
nucleophiles, milder deboronation routes can be employed, for example, using CsF or an 
acetonitrile-water mixture.43, 44  For the case of carborane cages bearing cage C-bound 
phosphine substituents, alkoxides are not suitable for deboronation due to cleavage of the 
Ccage-P bond under these conditions.45  Instead, less nucleophilic bases such as piperidin  








1.8 Substitution of the Carborane Cage 
 
1.8.1 Substitution at the Carbon Vertices 
 
The acidity of the C-bound H atoms in ortho-carborane allows for metalation and 
subsequent substitution at the carbon positions.  Reaction with n-BuLi or a Grignard 
reagent followed by treatment with electrophiles such as alkyl halides (RX) yields the 
desired carbon-substituted carborane, Scheme 1.4 (a).11  However, this route is only 
applicable to primary alkyl halides.  The lithiation-substitution route is also not suitable 
for substitution of aryl groups.  For example, aryl halides do not routinely undergo 
nucleophilic substitution when activating groups (e.g. nitro groups) are not present.47  
Most aryl groups have to be installed through the insertion of the aryl-substituted alkyne 
into decaborane, B10H14, Scheme 1.4 (b).11  This method is only viable for the synthesis 
of the ortho-isomer.  Alternative methods use copper catalysts to aid substitution at the 








Scheme 1.4  (a) The substitution of ortho-carborane through deprotonation and reaction 
with RX (R = alkyl) and (b) the insertion of an aryl-substituted alkyne into 
decaborane, B10H14, (Ar = aryl). 
 
The relative pKa values for the ortho-, meta- and para-isomers of C2B10H12 increase as 
the carbon vertices become more separated.11  Therefore, the acidity of the C-bound H 
atoms is reduced in the meta- and para-isomers in comparison to the ortho-isomer 


























produce substituted meta-carborane is the thermal conversion of the substituted 
ortho-carborane to the meta-isomer in cases where the substituted-carborane survives the 
high temperatures.11  
 
Issues can arise in the selective mono- or disubstit tion of ortho-carborane in ethereal 
solvents due to the equilibrium present between non-, mono- and dilithiated carboranes, 
Figure 1.9.11  Due to this equilibrium, substitution of the lithiated carborane species 
produces a mixture of non-, mono- and disubstituted pro ucts.  The use of sterically bulky 
substituents, such as a tert-butyldimethylsilyl group, prevents the second cage carbon 
from being substituted with an additional tert-butyldimethylsilyl group.49  This single 
substitution allows for subsequent reactions to substitute the desired R group on the 
remaining cage carbon atom.49  The removal of the tert-butyldimethylsilyl group with a 
tetrabutylammoniumfluoride (TBAF) solution yields the singly-substituted 
1-R-closo-1,2-C2B10H11.49  A similar route to mono-substitution involves the use of 
dimethoxyethane (DME) as solvent to produce a single, hindered lithiated site caused by 
a chelating DME solvent molecule, which prevents double lithiation.50  When 
meta-carborane is used as the starting material the equilibri m lies strongly to the 
left-hand side, towards the mono-lithiated carborane, with only 2% of the dilithiated 






Figure 1.9  The lithiation of ortho-carborane in ethereal solvents produces an  
equilibrium between non-, mono- and dilithiated carborane species which 








1.8.2 Substitution at the Boron Vertices 
 
Introduction of functional groups at the boron positi ns of ortho-carborane is more 
difficult than at the carbon positions due to the cange in polarity of the boron-hydrogen 
bonds compared to the carbon-hydrogen bonds.  This stems from the electronegativity of 
boron (χB = 2.04) being lower than that of carbon (χC = 2.55) and of hydrogen (χH = 2.20) 
leading to a δ- charge on the H atom in the B-H bonds.  Therefore, th  introduction of 
functional groups at the electropositive boron vertic s can be carried out via electrophilic 
attack by halogens to yield B-fluoro, -chloro, -bromo or -iodo derivatives.11  
 
The proximity of the boron vertices to the carbon vertices in the carborane cage impacts 
on the relative electropositive character of each boron vertex.  Boron positions which are 
closest to the electronegative carbon vertices have the greatest electropositive character 
relative to the other boron vertices and the boron p sitions which are antipodal to the 
carbon vertices have the lowest electropositive character in comparison to the other boron 
vertices.  Therefore, in order of highest to lowest, the electropositive character of the 
boron vertices in ortho-carborane proceeds such that B(3)/B(6) > B(4)/B(5)/ (7)/B(11) 
> B(8)/B(10) > B(9)/B(12), Figure 1.10.  This result  in the boron positions B(9) and 





Figure 1.10  The relative electropositive character of the boron positions in 
ortho-carborane due to their relative proximity to the cage carbon vertices.  
 
Work by Lee et al. focussed on the substitution of electron-withdrawing C6F5 substituents 
onto the B(9) and B(12) positions of rtho-carborane.51  This was carried out through the 
electrophilic iodination of the B(9) and B(12) positions, followed by functionalisation 




Functionalisation at the B(3) and B(6) boron vertices is difficult in comparison to that at 
B(9) and B(12) due to the difference in susceptibili y to electrophilic attack at these 
vertices.  However, functionalisation can be achieved at B(3) and B(6) through removal 
of the vertices via deboronation of the closo-carborane, deprotonation of the H atom on 
the open face to generate the dianion [nido-7,8-C2B9H11]2- and then insertion of a new 
functionalised boron vertex (BR), Scheme 1.5.11  Depending on the isomer in question, 
the boron vertices most susceptible to nucleophilic deboronation are the most viable for 










Scheme 1.5  Functionalisation of the B(3) or B(6) positions in ortho-carborane via 
deboronation and insertion of a BR vertex  (R = alkyl, aryl, halogen).  
 
An alternative route to functionalisation of positions B(3) and B(6) in ortho-carborane 
was reported by Xie and co-workers which involved the use of an iridium catalyst to assist 
the substitution on these positons.52  This will be further discussed in Section 1.8.3. 
 
For meta-carborane it is possible to substitute at the boron vertices in a similar manner as 
described for the ortho-isomer, with boron vertices B(2) and B(3) being the most 
susceptible to nucleophilic attack and boron vertics B(9) and B(10) being the most 
susceptible to electrophilic attack.  The thermal isomerisation of boron-substituted 




closo-1,2-C2B10R12 where the compound can withstand the high temperatures required 
for isomerisation but no distribution of products was given.53, 54 
The D5d symmetry of para-carborane results in all the boron vertices being symmetrically 
equivalent.  Therefore, there is no preference for lectrophilic or nucleophilic substitution. 
For example, electrophilic substitution with a halogen will produce only one isomer of 
the B-bound substituted p-carborane with the substituent residing on B(2).  This is also 
the case for deboronation of para-carborane, with the B(2) vertex being selectively 
removed and potentially replaced by a new BR vertex. 
 
1.8.3  Attachment of Lewis Acidic Groups to Carboranes 
 
Substitution of Lewis acidic groups in the form of trigonal boron moieties, such as 
diazaboryl and dimesitylboryl, on the carbon vertics of ortho-carborane has been 
reported by Fox and co-workers, Figure 1.11.55-57  These authors also report derivatives 
of the borylated ortho-carborane species with alkyl and aryl substituents o  the other cage 





Figure 1.11  Lewis acid substituted carborane compounds where BR2 is the Lewis acid 
centre.56-58 
 
Pinacolboryl-substituents [BO2C2(CH3)4, Bpin], have also been attached to the carbon 
vertices of mono-substituted ortho-carborane, Figure 1.11.58  Janoušek et al. synthesised 
a Bpin-substituted mono-carbon carborane anion, [1-Bpin-closo-1-CB11H11]-, by 
deprotonation of the Ccage-H proton and reaction with iPrOBpin to generate the Cs+ alt 





Other Lewis acid substituted carboranes were reportd by Wade and co-workers who 
explored the substitution of BPhn (n = 1, 2) onto methyl-ortho-carborane and 
meta-carborane to form boron centres with one or two carborane substituents via reaction 
of lithiated carboranes and BPh2Cl or BPhCl2, Figure 1.12.60  However, elemental 
analysis and the appropriate molecular ion peaks were the only published data for each 









Figure 1.12  Compounds reported by Wade and co-workers with BPh and BPh2 
substituents on methyl-ortho-carborane and meta-carborane.60  
 
Lee et al. generated a Lewis acidic triarylborane which utilised the electron-withdrawing 
nature of phenyl-ortho-carborane substituents in the para-position of a 2,6-Me2C6H3 














Figure 1.13  A Lewis acidic triarylborane bearing phenyl-ortho-carborane substituted 
dimethylphenyl linkers reported by Lee t al.61 
 
Halogenated Lewis acidic boron centres were synthesised by Erdyakov et al. who 
describe dichloroboryl-substituted carboranes 1-BCl2-2-R-closo-1,2-C2B10H10 (where 
R = Et, iPr).62  Following this work Svidlov et al. converted the BCl2 group to a B(C6F5)2 
unit via reaction with the Grignard reagent MgBrC6F5.58 
 
Work by Xie and co-workers reported the attachment of Lewis acidic Bpin substituents 
onto the B(3) and B(6) positions of rtho-carborane.  This was carried out by reaction of 
B2pin2 and ortho-carborane in the presence of an iridium catalyst to give the mono- and 
disubstituted Bpin compounds, Figure 1.14.52  The borylated sites were then transformed 
into boronic acids, aryl groups, alkenes and heterocycles, as well as azides and halogens.52  
As the B(3) and B(6) positions in ortho-carborane are the most susceptible to nucleophilic 
attack by a base rather than electrophilic attack (like boron vertices furthest away from 
the carbon vertices) the protocol proposed by Xie and co-workers allows for the addition 
of halogen substituents to boron vertices B(3) and B(6) through the replacement of the 









Figure 1.14   Bpin substitution at positions B(3) and B(6) on rtho-carborane by Xie 
and co-workers.52  
 
1.8.4 Attachment of Lewis Basic Groups to Carboranes 
 
The attachment of Lewis basic groups, such as phosphines, onto carborane cages to afford 
carboranylphosphines is well established in the litrature.11  Obtaining C-bound 
carboranylphosphines can be achieved through metalation t the carbon vertices and 
reaction with halophosphines to produce the desired carboranylphosphine, Scheme 1.6.  
Carboranylphosphines in the ortho-isomeric form have been covered by several reviews 
that have focussed on the synthesis, 31P NMR spectroscopic trends and the ease of 
oxidation of these compounds to form pentavalent phos orus centres.63, 64  Typically, 
the work in this area has expanded due to the interest in using carboranylphosphines as 





Scheme 1.6  The synthesis of carboranylphosphines via metalation and substitution 
with the desired halophosphine, PR2X. 
 
A reduction in the yields of either mono- or disubstituted carboranylphosphines can occur 
in some cases due to a mixture of both mono- and disubstituted carboranylphosphines 
being formed during synthesis.  Fey t al. reported that the reaction of lithiated 













ditert-butylphosphine group on the carborane cage due to the steric bulk of the tert-butyl 
substituents on the phosphine.65  However, the concept of using steric bulk for blocking 
the secondary lithiation site is only viable when the cage carbon vertices are close in 
space, making this protocol unsuitable for the m ta- and para-isomers. 
 
Highly regiospecific attachment of phosphine substituents can be achieved with 
mono-carbon carborane anions, such as [closo-1-CB11H11]-.  Reports by Finze and 
co-workers describe the synthesis of compounds of the form [1-R2P-closo-1-CB11H11]- 
where R is Cl, iPr and H.66  Previous work by Jelinek et al. developed the 
diphenylphosphine derivative.67 
 
Rendina and co-workers reported the formation of singly-substituted diphenylphosphine 
derivatives of meta- and para-carborane, with the meta-isomer being isolated in 23% 
yield.68  In addition to this there are very few examples of para-carboranylphosphines.11, 
69  
 
There are several reports of nido-carboranylphosphines, with the synthesis of these 
compounds being carried out through deboronation of the corresponding 
closo-carboranylphosphine using mild deboronation conditions, such as using piperidine, 
to maintain the Ccage-P bond.45, 70  Interestingly, there are no reports of the formation of 
nido-carboranylphosphines through substitution of a phosine group onto a 
nido-carborane. 
 
Work by Spokoyny and co-workers showed that a range of secondary phosphines could 
be attached to position B(9) in 9-I-meta-carborane through a palladium cross-coupling 
reaction to yield compounds which are B-bound isomers of the C-bound 
carboranylphosphines, Figure 1.15 (a).71  However, as will be later discussed in Section 
1.10, the B- and C-bound carboranylphosphines have very different Lewis basicities due 






Figure 1.15  (a) B-bound carboranylphosphine by Spokoyny and co-workers,71 
(b) chelation of a 1,1ʹ-bis(ortho-carborane) unit to a PPh moiety72, 73 and 
(c) substitution of two methyl-ortho-carborane units onto a PPh centre.45, 
74 
 
Variations from single cage carboranylphosphines include double deprotonation of 
1,1́-bis(ortho-carborane) and chelation of the dianion to a PR unit (R = Et or R =Ph) by 
reaction with PRCl2, generating a very weak Lewis base due to the electron-withdrawing 
properties of the two C-bound carborane cages, Figure 1.15 (b).72, 73  Work by Teixidor 
et al. reported the formation of a phenylphosphine unit with two methyl-ortho-carborane 
substituents,45 with the structure being determined crystallographically by Nuñez et al. 
Figure 1.15 (c).74  Work by Kabachnik and co-workers reported on the formation of a 
phosphorus centre bearing three methyl-ortho-carborane substituents from the reaction of 
lithiated methyl-ortho-carborane and PCl3.75  When the same reaction was attempted with 
















The substitution of a second carborane cage onto a cage carbon of ortho-carborane 
generates 1,1ʹ-bis(ortho-carborane), {1-(1́-closo-1ʹ,2ʹ-C2B10H11)-closo-1,2-C2B10H11}, 
first reported by Hawthorne and co-workers through the insertion of diacetylene into the 
acetonitrile Lewis adduct of decaborane.77  Subsequently, the formation of 
1,1́-bis(ortho-carborane) was reported through an alternative route of double 
deprotonation of the parent carborane Ccage-H atoms and a copper coupling reaction with 
CuCl or CuCl2 to give the product in 55-77% yields.78  The most recent adaption of this 
synthesis uses a similar methodology whereby 2.5 equivalents of Cu(I)Cl in toluene are 
used to couple the dilithiated carborane cages, Scheme 1.7.79  The use of the Cu(I) salt 
minimises carbon-boron coupled products.79   The synthesis of the meta- and 
para-isomers has also been reported.78, 80-82  For 1,1́-bis(carborane) compounds the prime 
nomenclature represents the second carborane cage. 
 
Scheme 1.7 The synthesis for 1,1ʹ-bis(ortho-carborane) from ortho-carborane via 
metalation with n-BuLi and Cu(I) coupling.79  
 
Crystallographic studies of the molecular structure of 1,1́-bis(ortho-carborane) identified 
the carbon-carbon linkage between the two cages and its position across the centre of 
inversion of the molecule.79, 83, 84  However, disorder in the structure led to uncertainty in 
the positioning of the second carbon vertex of the cage (and the symmetrically related 
carbon vertex on the second cage).  Previous work by Hall et al. used analysis of the 
vertex thermal ellipsoids and the connectivity distances within the icosahedron to identify 
positons 2 and 3 as possible carbon vertices.83  More recently, Man et al. employed the 
VCD method to the prostructure of 1,1ʹ-bis(ortho-carborane).84  The shortest 
vertex-to-centroid distances were found to be for psitions 2 and 3, indicating the 
C
C
i) n-BuLi (2.2 eq.), toluene












positioning of the second carbon vertex at either position 2 or 3, with each position having 
50% carbon and 50% boron occupancies.84  This assignment was also confirmed when 
the BHD method was applied to the structure giving the definitive crystal structure of 
1,1́-bis(ortho-carborane).84  Man et al. also identified the cage carbon atoms in 
1,1́-bis(meta-carborane).85 
 
Substitution on the 1,1ʹ-bis(carborane) cage is relatively unexplored.  Only a few 
examples exist of substitution at the unlinked cage carbon positions with methyl groups,77 
halogens,77 phosphines 82, 86 and nitroso groups 87 and there is one example of alkylation 
at the boron vertices to give 8,9,10,12,8ʹ,9́ ,10́,12́-octamethyl-bis(ortho-carborane).88 
Double deprotonation of the ortho-isomer yields a dianionic ligand which has been used 























1.10 The Carborane Cage as a Ligand Scaffold  
 
The carborane cage offers considerable versatility as a ligand scaffold.  Firstly, the high 
chemical stability of the cage, which can withstand extremely high temperature without 
degradation, is desirable for use in a variety of different chemical reactions.11 
 
Secondly, there is a significant amount of literatue work on the derivatisation of the 
carborane cage, for example, the incorporation of functional groups such as 
electron-withdrawing halogens or Lewis acidic and basic groups.11  The intramolecular 
distances between these substituents can be varied through the ability to change the 
isomeric form of the cage by separating the cage carbon vertices further from each other 
when moving from the ortho- to the meta- and to the para-isomer.  Different geometries 
and shapes can also be achieved when accessing smaller and larger carborane cages 
through polyhedral reduction and expansion, respectively.  Further to this, performing a 
deboronation on ortho-carborane, for example, will result in the formation f a 
nido-carborane with an overall mono-anionic charge.  Therefore, there is a range of 
possible structural motifs for carborane cages. 
 
Thirdly, the carborane cage offers a degree of steric bulk.  The steric properties of a ligand 
can be evaluated by two approaches; the Tolman coneangle, θ,91 and the percentage 
buried volume, %VBur.92  The Tolman cone angle was developed to rank the size of 
phosphine ligands and to examine whether the steric properties influenced the strength of 
ligand binding to a zero valent nickel carbonyl complex.91  Tolman constructed a 
molecular model of the metal centre and one phosphine ligand, with the M-P bond being 
set to 2.28 Å (at the time of publication this was the estimated Ni-P bond length for 
tetrahedral complexes), Figure 1.16.91  The metal is placed at the centre pivot point and 
initially a protractor was used to measure the angle to which the ligand’s van der Waals 
radii extended in both left and right directions from the pivot point.91  These angles were 
summed to give the Tolman cone angle, θ, in degrees.91  The larger the θ, the larger the 
ligand.  In more recent times crystallographic data of phosphine gold(I) chloride 
complexes can now be used to calculate θ.93 In theory, this approach could be applied to 









Figure 1.16 Pictorial representation of the Tolman cone angle, θ, for a ligand.91 
 
The second crystallographic method used to determin the steric bulk of a ligand is the 
percentage buried volume, %VBur.92  The %VBur represents the percentage of a sphere 
occupied by the ligand when coordinated to a metal centre, Figure 1.17.  The technique 
was developed to assess the steric properties of ligands which could not be calculated 
using the Tolman cone angle methodology.92  Originally, this technique was employed 
for NHC ligands but using the SambVca software it can be applied to any ligand which 








Figure 1.17 Pictorial representation of the percentage buried volume, %VBur, of a 
ligand.92  
 
Clavier et al. reported a linear relationship between θ and %VBur for a variety of phosphine 
ligands with the M-P bond length set to 2.28 Å.93  The report also found that there was 




(where E = non-chlorine substituent) suggesting that other ligands have little impact on 
the %VBur.93  An exception to this was when R= tBu.93 
 
Using these two techniques, the steric properties of PPh3 were compared to those of a 
bis(carboranyl)phosphine species, PPh-bis(ortho-carborane), whereby two phenyl 
substituents at the phosphorus centre are replaced by a 1,1́-bis(ortho-carborane) 
substituent.  The comparisons of the Tolman cone angle, θ, and percentage buried volume, 
%VBur, of triphenylphosphine93 and PPh-bis(ortho-carborane)72 are shown in Table 1.1.  
The data show an increase in steric bulk at the phos rus centre provided by the two 




Table 1.1 The Tolman cone angle, θ and the percentage buried volume, %VBur, of 
PPh393 and PPh-bis(ortho-carborane).72 The metal-ligand length used for the 
%VBur was 2.28 Å. 
 
Fourthly, the carborane cage offers unique capabilities to vary the electronic properties 
of the ligand depending on the vertex of substitution on the cage.  This capability is one 
potential advantage over carbon-based ligands.  Weller describes the need for a ligand 
architecture which can offer modifications in electronic properties without compromise 
on steric properties.95  For example, the change from the bulky, electron-d ating PtBu3 
to the electron-withdrawing P(C6F5)3 changes the ligand architecture.95, 96  In the case of 
a carborane cage, if a substituent is bound through a carbon vertex (C-bound) it will 
experience an electron-withdrawing effect.  In contrast, if the substituent is bound through 
a boron vertex (B-bound) it will now experience an electron-donating effect.96  Thus an 
icosahedral carborane is an example of a ligand which can alter its electronic properties 
depending on the site of substitution whilst maintaining the steric bulk required for certain 
applications.  Spokoyny et al. showed this phenomenon experimentally by the reaction 
of the electron-rich B-bound diphenylphosphine-carborane with Pt(COD)Cl2, which 
caused the displacement of the COD ligand and the formation of a Pt(Lcarb)2Cl2 
Ligand θ (°) %VBur (%) 
PPh3 145 29.6 




complex.71  When an identical reaction was trialled with the el ctron-poor C-bound 
isomer no coordination was observed.71, 96  DFT calculations showed that the energy of 
the lone pair on phosphorus in the B-bound isomer is 27.3 kcal mol-1 higher than that of 
the C-bound isomer, indicating an increased basicity at he phosphorus centre, Table 1.2. 
 
Ligand Energy of the Lone Pair on P (kcal mol-1) 
B-bound PPh2-carborane 17.6 
PPh3 0 
C-bound PPh2-carborane -9.7 
 
Table 1.2 The results of DFT calculations by Spokoyny et al. indicating the increased 
basicity of the phosphorus centre for the B-bound PPh2-carborane 



















1.11 Methods for Probing Lewis Acidity and Lewis Basicity 
 
1.11.1 Probing Lewis Acidity 
 
The strength of Brønsted acids can be measured quantitatively through titration 
experiments to calculate the pKa of the chosen acid, which subsequently allows for direct 
comparison between various acids.  In the case of Lewis acids, pKa values cannot be 
obtained because the strength of the Lewis acid is related to electron pair donation 
between a Lewis acid and Lewis base and not a simple proton transfer.  A quantitative 
measure of the strength of a Lewis acid is further complicated through the wide variation 
of electronic and steric properties possessed by Lewis acids.97  Therefore, alternative 
methods have been developed which can be used to rank different Lewis acids but do not 
give quantitative measurements. 
 
One alternative method for probing the acidity of Lewis acids is the measurement of the 
fluoride ion affinity, which can be determined experimentally or by calculation of the 
reaction enthalpy of the interaction between the Lewis acid and the highly basic fluoride 
ion, pF- (in kcal mol-1).98  
 
A spectroscopic method for ranking the Lewis acidity of Lewis acids, including boron 
species, is the Childs method.99  The Childs method involves the formation of a Lewis 
adduct from a 1:1 ratio of a solution of crotonaldehyde and a Lewis acid.99  Childs et al. 
observed a downfield shift (∆δ) in the 1H NMR spectrum of the H3 proton in 
crotonaldehyde upon binding of the aldehyde oxygen atom to the Lewis acid, Scheme 




Scheme 1.8 The basis of the Childs method is the addition of a Lewis acid (LA) to 





A similar spectroscopic method for ranking Lewis acidity is the Gutmann-Beckett 
method.100  The origin of the Gutmann-Becket method lies with Gutmann’s studies into 
the electrophilic character of solvents and ranking them in terms of a dimensionless 
Acceptor Number (AN).101  Beckett later extended Gutmann’s protocol to include Lewis 
acidic boron reagents.100  The AN is derived from the downfield shift (∆δ) in the 31P{1H} 
NMR spectrum when the Lewis acid is added to a solution with Et3PO and the two 
components form a complex.100  The downfield shift in the 31P{1H} NMR spectrum is 
indicative of the loss of electron density at the phosphorus centre as the oxygen 
substituent donates into the empty -orbital on the boron atom.  The greater the Lewis 
acidity at the boron centre, the greater the electron density loss at the phosphorus centre, 
which produces a larger downfield shift.  This results in a larger AN.  The AN can be 
calculated from Equation (1.2) which incorporates the 31P{1H} NMR resonance of the 
Et3PO-Lewis acid complex, δ(complex), in ppm, and the two reference points, δ(1) and δ(2) 
for the 31P{1H} NMR shift of Et3PO in hexane [δ(1) = 41.0 ppm] and the complex formed 
by Et3PO and SbCl5 [δ(2) = 86.1 ppm].101  Therefore, the relative Lewis acidity of a 
compound can be reflected through the AN, with larger ANs denoting stronger Lewis 
acids.  A linear correlation between the Gutmann-Beckett and Childs methods was also 
reported.102 
 




x	100                                         (1.2) 
 
  
1.11.2 Probing Lewis Basicity  
 
Probing the basicity of a Lewis base, such as a phosphine, can be carried out through a 
variety of methods including solution titrations to obtain the Brønsted basicity and 
through spectroscopic methods.  Brønsted basicity can be determined through solution 
titrations which measure the ease of protonation of the basic centre present in the 
molecule. These values can then be expressed as the pKb of the compound.  When 
obtaining the pKb, complications can arise if the ligand has multiple basic centres which 
vary in basicity.103  For example, if a ligand has both a phosphorus and a itrogen centre 
present, the stronger Brønsted basic nitrogen centre will be involved in the protonation 




One spectroscopic method which allows for the basicities of ligands to be ranked is the 
carbonyl stretching frequency, ν(CO), of a metal carbonyl complex such as Ni(CO)3L 
where L = a phosphine ligand.  The concept of the method is that the donor ability of the 
phosphorus ligand impacts on the degree of π-back donation from the metal centre into 
the π* orbitals of the CO ligand.  In the case of a ligand with a greater basicity, i.e. greater 
donor ability, a larger degree of π-back donation from the metal centre into the π* orbitals 
of the CO ligand arises and the bond order of the CO bond decreases.104  This results in a 
decrease in the CO stretching frequency.  However, th  changes in basicity are reflected 
as subtle changes in ν(CO) which may be < ca. 10 cm-1, and therefore the sensitivity of 
the method is low for small changes in electronic properties, Table 1.3.104 
 






Table 1.3 Results by Andersen et al. which analysed ν(CO) (cm-1) of various 
Ni(CO)3L complexes were L = a phosphine ligand.104  
 
Another spectroscopic method for rank ordering the basicity of phosphine ligands is the 
one-bond spin-spin coupling constant for either the p osphine-selenide (1JPSe)103 or the 
phosphine-platinum complex (1JPPt) [e.g. reaction of L with cis-PtCl2(COD) to give 
cis-PtCl2L2].105  As with the case with pKb titrations, multiple basic centres within one 
ligand will have different binding affinities for the Pt centre.103  However, in the case of 
selenium, the reaction with a phosphorus centre to give the phosphine-selenide is 
selective towards the phosphorus atom, making this method more viable for phosphine 
ligands.103 
 
The 1JPSe gives an indication of the electron-donating capability of the phosphorus 
centre.106  The magnitude of 1JPSe, measured in Hz, is dependent on the degree of 3s 
character in the phosphorus lone pair and this will be determined by the substituents 




substituents at phosphorus, the more basic the phosphine and the less s character in the 
lone pair.  The coupling constant is influenced by the s orbitals and therefore a small 
degree of s character results in a small 1JPSe value.106  An inversely proportional 
relationship is observed between 1JPSe and the basicity of the phosphine.106  The smaller 
the coupling constant, the greater the Lewis basicity of the phosphine. 
 
In the literature, there is a strong correlation between the 1JPSe and the pKb of phosphine 
ligands,103 which reiterates this method’s viability for rank ordering the basicity of 




Graph 1.1 Results by Beckmann et al., into the relationship between the one-bond 
phosphorus-selenium coupling constant (1JPSe) and the pKb values of 
various phosphine ligands.103  
 
When obtaining the 1JPSe for phosphine ligands, it is important to take into consideration 
possible interactions between the Se atom and the solv nt chosen for the analysis.103  
Therefore, comparisons of 1JPSe values in different solvents could have errors andif 




































1.12 Frustrated Lewis Pairs 
 
In 1923 Lewis defined bases and acids as the electron pair-donor and electron 
pair-acceptor components, respectively, involved in an electron-pair-transfer process.107  
For example, the lone pair in ammonia, a Lewis base, can be donated to the empty 
p-orbital on boron in BF3, a Lewis acid, generating a bond between the two components 
and quenching both reactive sites to generate a ‘Lewis adduct’. 
 
Conversely, observations by Brown and Wittig showed two individual cases whereby an 
adduct was not formed between a Lewis acid and Lewis base.108, 109  More recently 
Stephan and co-workers observed the nucleophilic substit tion of PHMes2 onto a 
para-carbon atom of a C6F5 group of B(C6F5)3 to generate a zwitterionic 
phosphonium-borate species, Scheme 1.9.110  The formation of this species suggested that 
the steric bulk of both the Lewis acid and Lewis bae components prevented the formation 
of an adduct between the phosphorus and boron centres.  Stephan and co-workers 
performed a F-H exchange on the compound to give the species 
Mes2(H)P-(C6F4)-B(H)(C6F5)2 which liberated H2 above temperatures of 100 °C to 
generate the corresponding dehydrogenated species, Scheme 1.9.110  This species can 
heterolytically cleave H2 at 1 atm and 25 °C.110  Although many species have been known 
to activate dihydrogen such as enzymes,111, 112 main-group113, 114 and transition-metal 
complexes,115 this is a rare example of a species which can reversibly uptake and release 
dihydrogen under mild conditions.  The discovery of this compound then creates the 















Scheme 1.9  Results by Stephan and co-workers into the development of metal-free 
dihydrogen activation using a phosphine-borane species which can 
reversibly uptake and release dihydrogen under mildconditions.110 
 
Following on from this work, Stephan developed intermolecular systems whereby Lewis 
bases such as PtBu3 and PMes3 possessed sufficient steric bulk to prevent the nucleophilic 
substitution onto the C6F5 substituents of the B(C6F5)3 Lewis acid.116  These systems were 
also capable of cooperatively heterolytically cleaving H2 at 1 atm and 25 °C.116  However, 
it was found that these species do not release dihydrogen, even under increased 
temperatures.116 
 
An intramolecular system capable of heterolytically c eaving dihydrogen was developed 
by Spies et al. possessing the Lewis basic phosphorus centre PMes2 and the Lewis acidic 
boron centre B(C6F5)2 on either end of an ethylene bridge.117   The compound was 
reported to reduce benzaldehyde.117  Work by Zeonjuk et al. investigated the phenomenon 
of why the parent and methyl-substituted ethylene bridged derivatives reported by Spies 
et al.117 could activate dihydrogen but the analogous phenyl- or 
trimethylsilane-substituted linker species did not.118  Zeonjuk et al. calculated that for the 
intramolecular species the mechanism proceeds via an intermolecular dimer which stacks 
to allow an interaction of the Lewis acid and Lewis base sites on separate molecules.118  
Therefore, the steric bulk of the phenyl- and trimethylsilane-substituted bridges prevents 





Following these reports the combination of Lewis acids and Lewis bases which are too 
sterically encumbered to form a Lewis adduct but display cooperative reactivity were 
termed ‘frustrated Lewis pairs’ by Stephan and Erker.119   
 
After the discovery of frustrated Lewis pairs, FLPs, nearly 15 years ago the area has 
received much research interest.119-122  The scope of systems considered FLPs now 
includes Lewis acid and Lewis base centres from across the periodic table and an array 
of scaffolds for inter- and intramolecular systems ha been described.123  The commercial 
availability of B(C6F5)3 results in its dominant incorporation into many intermolecular 
FLPs.  As discussed FLPs have been employed in dihydrogen activation and this remains 
the main focus of the area with many computational studies focussing on the mechanistic 
details of these reactions,118, 119 as well as tutorial reviews focussing on designing 
effective FLP hydrogenation catalysts.124   Other applications for FLPs include small 
molecule activation such as that of CO2 and research into radical chemistry, enzyme 






















A carborane cage is a suitable and potentially advantageous scaffold for a Lewis acid and 
a Lewis base component for FLP chemistry.  The aims of this work are to, firstly, 
synthesise a series of novel Lewis acid and Lewis ba e carboranes, in the form of 
boryl-carboranes and carboranylphosphines respectively.  Secondly, in combination with 
previously reported compounds, the ability to tune th Lewis acidity for a series of 
carborane-based compounds will be investigated by comparing the Acceptor Number 
(AN) obtained from the Gutmann-Beckett method.  Concurrently, the tuneability possible 
for the Lewis basicity for a series of novel and previously reported carboranylphosphines 
will be assessed by comparing the 1JPSe values for the corresponding carboranylphosphine 
selenides.  Thirdly, the synthesis of intramolecular FLP carboranes will be investigated 
and the Lewis acidity and basicity will be assessed for application in FLP catalysis.  
Lastly, the series of Lewis acid and Lewis base carboranes will be ranked according to 
the Lewis acidity or basicity strength and employed as intermolecular FLP components 
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The ability to tune the Lewis acid and Lewis base components in a frustrated Lewis pair 
(FLP) has been an important topic within the field of FLP chemistry.1-3  Tuning the 
individual components of an FLP is necessary to accommodate the current span of 
applications, such as pioneering metal-free hydrogenation and small molecule 
activation.4, 5  For intermolecular FLPs tuneability can be achieved through different 
combinations of Lewis acids and Lewis bases.  The highly Lewis acidic B(C6F5)3 is the 
most widespread Lewis acid in the field of intermolecular FLPs, despite its lack of 
functional group tolerance to ketones, amines, ethers and thioethers.3  In a bid to improve 
the poor functional group tolerance of B(C6F5)3 modified Lewis acids have been prepared 
and employed, but these modifications can result in a reduction of Lewis acidity at the 
boron centre.1, 3 
 
Subsequently, the indication of the strength of the Lewis acid and Lewis base component 
employed in FLP catalysis can be used to gauge likely successful FLP catalysts.  Scott et 
al. emphasise the importance of the strength of the Lewis acid and Lewis base 
components, and the correct balance between them, in their recent tutorial review on 
identifying the characteristics which govern successful catalytic hydrogenations 
performed by FLPs.6  Currently, ranking the relative strengths of boron-based Lewis acids 
can be achieved through the Gutmann-Beckett method and obtaining the Acceptor 
Number (AN).7, 8  The abundance of ANs reported for boron-based Lewis acids has 
prompted a review which covers ANs for various Lewis acids,9 including species bearing 
closo- and nido-carborane substituents in the para-position of phenyl linkers.10-12  
 
The use of a carborane cage scaffold for a Lewis acid component of an FLP has not been 
previously reported, yet would provide several advantages.  The carborane cage provides 
the steric bulk essential for an FLP catalyst, as well as high thermal stability.  The 
potential to tune the electronic and structural properties is possible through 




expansion or reductions.13  The most appealing attribute is the potential to generate highly 
Lewis acidic species through appending the Lewis acid substituent to the cage carbon 
vertices (C-bound) on the carborane cage.  This results in the substituent experiencing an 
electron-withdrawing effect from the cage with the potential to enhance the Lewis acidity 
of the substituent.14-16 
 
Carboranes bearing Lewis acidic groups have been established in the literature, with 
C-bound Lewis acidic substituents usually appended through metalation of the cage 
carbon vertices, followed by addition of BR2X, Scheme 2.1.    Examples of the single 
substitution of Lewis acidic boron centres such as Bpin [pin = pinacolate, 
B(O2C2(CH3)4],
17, 18 BMes2 (Mes = mesityl, 1,3,5-Me3-C6H2),
19 BCl2 and B(C6F5)2 
groups have been reported in the literature.17, 20  Double substitution of groups such as 
diazaborolyl [B{(1,2-NR2)C6H4}]
21 and BPh2 have also been achieved.





Scheme 2.1 The deprotonation of ortho-carborane with n-BuLi and the addition of 
BR2X to afford 1-BR2-closo-1,2-C2B10H11. 
 
Several examples of Lewis acidic boron centres bearing two carborane cage substituents 
have been reported in the literature.22, 23  Wade and co-workers reported the correct 
elemental analysis and mass spectra of two species; a phenylboryl unit bearing two 
1-Me-closo-1,2-C2B10H10 substituents and a phenylboryl unit with two meta-carborane 
substituents, Figure 2.1.22  Recent work by Yruegas et al. described the incorporation of 
two linked carborane cages, in the form of a 1,1ʹ-bis(ortho-carborane) substituent, 






Figure 2.1 Lewis acidic boron centres bearing two carborane cages reported by Wade 
and co-workers [(a) and (b)]22 and by Yruegas et al. (c).23 
 
This chapter covers the synthesis and characterisation of novel Lewis acidic, 
boryl-carborane compounds.  The relative Lewis acidities of a series of boryl-carboranes, 
including those previously reported in the literature, have been assessed by carrying out 
a modified Gutmann-Beckett experiment24 to produce the corresponding Acceptor 
Numbers (ANs) for each compound.  The ANs obtained were then used to rank the Lewis 
acidities of the boryl-carborane species for future use in FLP catalysis.  The work 
presented in this Chapter has been submitted for publication25 and was carried out in 














2.2 Synthesis of Boryl-Carboranes 
 
2.2.1 1-BMes2-2-Me-closo-1,2-C2B10H10 (1) 
 
Following the reported synthesis to form 1-BMes2-2-R-closo-1,2-C2B10H10 (R = H, Ph) 
by Fox and co-workers,19 1-Me-closo-1,2-C2B10H11 was prepared
26 and deprotonated 
with n-BuLi in toluene, followed by the addition of dimesitylboron fluoride (BMes2F), 
Scheme 2.2.   The solution was heated to reflux overnight and 
1-BMes2-2-Me-closo-1,2-C2B10H10 (1) was obtained in 80% yield as a white crystalline 
solid. 
Scheme 2.2 The deprotonation of 1-Me-closo-1,2-C2B10H11 and addition of BMes2F to 
afford 1-BMes2-2-Me-closo-1,2-C2B10H10 (1). 
 
Compound 1 was identified by electron-ionisation mass spectrometry with a 
characteristic heteroborane envelope centred on m/z 406.4, which is consistent with the 
expected molecular weight for the molecular formula C21H35B11 (406.4 g mol
-1).  
Fragmentation showing the loss of a Mes group from 1 was observed with a heteroborane 
envelope centred on m/z 286.3.  Elemental analysis also confirmed the formation of 1 
with the values recorded being within 0.1% for carbon and within 0.07% for hydrogen.  
 
The 1H NMR spectrum of 1 displayed a singlet of integral-3 for the methyl substituent on 
the cage carbon vertex at δ 1.46 ppm.  Three additional singlets were observed in the 1H 
NMR spectrum in the ratio of 4:12:6 at δ 6.79, 2.47 and 2.24 ppm, which correspond to 
the aromatic protons and the methyl-substituents on the dimesitylboryl-substituent.  In 
the 1H NMR spectrum no resonance associated with a Ccage-H was observed confirming 




The 11B{1H} NMR spectrum of 1 displayed a very broad, integral-1 resonance at 
δ 81.4 ppm which showed no 1H coupling in the 11B NMR spectrum.  This was indicative 
of the boron atom in the exo-polyhedral dimesitylboryl-substituent.  In analogous  
compounds containing BMes2 substituents on carborane cages, the exo-polyhedral boron 
atom was also observed at ca. δ 80 ppm.19   In the 11B{1H} NMR spectrum additional 
resonances at δ 3.2, -4.9, -8.2 and -9.7 ppm in the ratio of 1:2:5:2 were observed for the 
cage boron atoms. 
 
Compound 1 was crystallographically characterised with single crystals being grown 
from slow evaporation of a concentrated fluorobenzene solution of 1.  Compound 1 
crystallises in the non-centrosymmetric space group Cc.  The substitution at both cage 
carbon vertices was confirmed from the molecular structure of 1.  The boron centre of the 
dimesitylboryl-substituent (B1) possesses a distorted trigonal planar geometry with bond 
angles ranging from 116.9(2)° to 124.2(2)°, Figure 2.2.  The largest angle is between the 
two mesityl groups (C101-B1-C110).  The cage carbon-carbon distance in 1 (C1-C2) is 
1.715(3) Å which is similar to the Ccage-Ccage distance in the two derivatives 
(1-BMes2-2-R-closo-1,2-C2B10H10, R = H, Ph).
19  The distance between the cage carbon 










Figure 2.2 Perspective view of 1-BMes2-2-Me-closo-1,2-C2B10H10 (1) and part of the 













2.2.2 1-Bcat-closo-1,2-C2B10H11 (2) 
 
A toluene solution of closo-1,2-C2B10H12 was singly deprotonated with n-BuLi before the 
addition of a slight excess of 2-Br-1,3,2-benzodioxaborole (BcatBr).  The reaction 
mixture was heated to reflux overnight and 1-Bcat-closo-1,2-C2B10H11 (2) was isolated 








Scheme 2.3 The deprotonation of ortho-carborane with n-BuLi and the addition of 
BcatBr to afford 1-Bcat-closo-1,2-C2B10H11 (2). 
 
Compound 2 was characterised by NMR spectroscopy, elemental analysis, 
electron-ionisation mass spectrometry and X-ray crystallography.  Elemental analysis 
was in agreement with the expected values for the formula C8H15B11O2.  
Electron-ionisation mass spectrometry revealed a characteristic heteroborane envelope 
centred on m/z 262.2, which is consistent with the expected molecular weight 
(262.1 g mol-1). 
 
The single substitution of the carborane cage in 2 was confirmed in the 1H NMR spectrum 
by the presence of a broad, integral-1 singlet resonance at δ 2.93 ppm representing the 
Ccage-H.  Two multiplet resonances, each of integral-2, representing the catechol 
substituent were observed between δ 6.80-6.77 and 6.72-6.69 ppm.  In the 11B{1H} NMR 
spectrum resonances in the ratio of 1:1:2:2:4 are seen between δ 0.8 and -12.3 ppm, which 
represent the boron atoms in the carborane cage, Figure 2.3.  An additional integral-1 
resonance for the catecholboryl-substituent was seen in the 11B{1H} NMR spectrum at 






Figure 2.3 The 11B{1H} NMR spectrum of 2 in C6D6. 
 
The structure of 2 was confirmed crystallographically from single crystals grown from 
slow evaporation of a concentrated petrol solution of 2.  The torsion angle is 7.67(13)° 
for O11-B1-C1-C2 showing that C2 nearly sits in the plane of the catechol-substituent, 
Figure 2.4.  The boron atom in the catecholboryl-substituent has a distorted trigonal planar 
geometry with angles at the boron centre ranging from 113.80(10)° to 123.47(11)°.  The 
narrowest angle at B1 is between the two catechol oxygen atoms (O11-B1-O12), Figure 
2.4.  The cage carbon-carbon bond distance is 1.6405(15) Å and the distance between the 

















































2.2.3 1-Bcat-2-Me-closo-1,2-C2B10H10 (3) 
 
A toluene solution of 1-Me-closo-1,2-C2B10H11
26 was deprotonated via the addition of 
n-BuLi, and after BcatBr was added to the solution the reaction was heated to reflux 
overnight, Scheme 2.4.  The crude product was purified by petrol extractions and the 
impurities were removed via vacuum sublimation.  The remaining white solid was the 
desired product 1-Bcat-2-Me-closo-1,2-C2B10H10 (3) as an air- and moisture-sensitive 







Scheme 2.4 The deprotonation of 1-Me-closo-1,2-C2B10H11 and the addition of BcatBr 
to afford 1-Bcat-2-Me-closo-1,2-C2B10H10 (3). 
 
Compound 3 was identified by electron-ionisation mass spectrometry with a 
characteristic heteroborane envelope centred on m/z 276.2, which is consistent with the 
expected molecular weight for C9H17B11O2 (276.2 g mol
-1).  
 
The substitution of both cage carbon vertices in compound 3 was evident in the 1H NMR 
spectrum from the loss of the characteristic broad singlet resonance associated with the 
Ccage-H in 1-Me-closo-1,2-C2B10H11.  Two integral-2 multiplet resonances were present 
in the 1H NMR spectrum between δ 6.82-6.79 and 6.69-6.67 ppm, which represent the 
catechol protons.  The methyl substituent protons were observed as an integral-3 singlet 





In the 11B{1H} NMR spectrum of 3 the carborane cage resonances are in the ratio of 
1:1:2:6 between δ 2.1 and -10.8 ppm.  The boron atom in the catecholboryl-substituent 
was observed as a broad, integral-1 singlet at δ 29.2 ppm in the 11B{1H} NMR spectrum.  
Additionally, this resonance showed no 1H coupling in the 11B NMR spectrum. 
 
In addition to NMR spectroscopy the substitution of both cage carbon vertices with a Bcat 
and a methyl substituent was confirmed from crystallographic characterisation of 3.  
Crystals suitable for single crystal X-ray diffraction were grown from slow evaporation 
of a concentrated petrol solution of 3.  The cage carbon-carbon bond distances for both 
of the molecules of 3 which are present in the asymmetric unit [C1-C2 = 1.6692(19) Å 
and C1ʹ-C2ʹ = and 1.666(2) Å] are longer than the C1-C2 bond distance observed for 2 
[1.6405(15) Å], Figure 2.5.  The distance between the cage carbon vertex and the 
catecholboryl-substituent is 1.565(2) Å and 1.568(2) Å for C1-B1A and C1ʹ-B1Aʹ 
respectively.  A distorted trigonal planar geometry is observed for the 
catecholboryl-substituent with angles ranging from 113.04(14)° to 123.58(14)° 
[113.25(13)° to 123.40(13)° for the second molecule in the asymmetric unit].  The 
narrowest angle at the boron atom B1A is between the two catechol oxygen atoms 










Figure 2.5 Perspective view of 1-Bcat-2-Me-closo-1,2-C2B10H10 (3), with two 





















2.2.4 1-Bcat-2-Ph-closo-1,2-C2B10H10 (4) 
 
The deprotonation of 1-Ph-closo-1,2-C2B10H11
27 with n-BuLi was carried out in THF and 
following exchange of the solvent to toluene, BcatBr was added.  The solution was heated 
to reflux overnight and 1-Bcat-2-Ph-closo-1,2-C2B10H10 (4) was isolated in 45% yield as 







Scheme 2.5 The deprotonation of 1-Ph-closo-1,2-C2B10H11 and reaction with BcatBr 
to afford 1-Bcat-2-Ph-closo-1,2-C2B10H10 (4). 
 
Compound 4 was identified by NMR spectroscopy, electron-ionisation mass 
spectrometry, elemental analysis and X-ray crystallography.  Mass spectrometry showed 
a molecular ion seen as part of the boron isotopic envelope centred on m/z 338.2, which 
is consistent with the expected molecular weight (338.2 g mol-1).  Elemental analysis was 
in agreement with the molecular formula of 4 (C14H19B11O2). 
 
The 1H NMR spectrum of 4 displayed four multiplet resonances in the ratio of 2:1:4:2 
between δ 7.44 and 6.20 ppm accounting for the five phenyl substituent protons and the 
four catechol protons.  The 11B{1H} NMR spectrum showed six resonances in the range 
δ 2.4 to -10.7 ppm, in the relative ratio of 1:1:2:2:2:2.  The ratio of resonances represents 
a time-average Cs molecular symmetry of the compound in solution.  A resonance for the 
trigonal catecholboryl-substituent can be seen at higher frequency at δ 28.9 ppm, which 





Crystals suitable for single crystal X-ray diffraction were grown from a cooled (5 °C) 
concentrated fluorobenzene solution of 4.  The cage carbon-carbon bond length in 4 was 
1.6840(15) Å which is longer than that in compounds 2 [1.6405(15) Å] and 3 [1.6692(19) 
and 1.666(2) Å].  The boron atom of the catecholboryl-substituent (B100) has a distorted 
trigonal planar geometry with bond angles ranging from 113.08(10)° to 124.90(10)°, with 
the narrowest angle at B100 being between the two catechol oxygen atoms 
(O11-B100-O12),  Figure 2.6.  The distance between the cage carbon vertex C1 and the 
boron centre of the catecholboryl-substituent B100 is 1.5703(15) Å which is similar to 











Figure 2.6 Perspective view of 1-Bcat-2-Ph-closo-1,2-C2B10H10 (4) and part of the 



















2.2.5 Attempted Synthesis of 1-BCl2-2-Ph-closo-1,2-C2B10H10 in THF and Hexane 
 
Following the conditions reported by Erdyakov et al. for the synthesis of 
1-BCl2-2-R-closo-1,2-C2B10H10 (where R = 
iPr and Et), the deprotonation of a THF 
solution of 1-Ph-closo-1,2-C2B10H11
 was carried out using n-BuLi.20  The THF solution 
was cooled to -78 °C and BCl3 was then added dropwise, Scheme 2.6.  The solution was 
allowed to warm to room temperature and stirred overnight.  The brown solution was 






Scheme 2.6 The reaction of 1-Ph-closo-1,2-C2B10H11, n-BuLi and BCl3 in THF. 
 
The 11B{1H} NMR spectrum of the crude oil displayed an integral-1 resonance at 
δ 18.1 ppm and resonances between δ -3.8 and 12.6 ppm which integrated to ten in total.  
The integral-1 resonance showed no coupling in the 11B NMR spectrum.  In the analogous 
compounds 1-BCl2-2-R-closo-1,2-C2B10H10 (where R = 
iPr and Et) the resonances 
associated with the dichloroboryl-substituent in each compound are reported to be at 
δ 53.6 and 53.8 ppm, respectively.20  Therefore, the resonance observed in this work at 
δ 18.1 ppm is thought to be associated with the formation of a different species.  Reports 
by Stephan and co-workers showed that B(C6F5)3 was capable of ring-opening THF in 
the presence of a Li[R2P] species.
28  Therefore, it is speculated that a similar reaction 









    
 
Scheme 2.7 Suspected product from the reaction of 1-Ph-closo-1,2-C2B10H11, n-BuLi 
and BCl3 in THF. 
 
In the THF adducts reported by Stephan and co-workers, the resonance associated with 
the boron atom in the THF adduct species is shifted upfield in the 11B NMR spectrum in 
comparison to the starting borane.28  An upfield shift is observed in the 11B{1H} NMR 
spectrum in this study from BCl3 (δ 46.0 ppm, C6D6) to the boron resonance in the crude 
reaction oil (δ 18.1 ppm, C6D6).  Electron-ionisation mass spectrometry showed 
fragmentations of the suspected THF adduct species (molecular weight = 392.6 g mol-1) 
centred on m/z 274.3 (M+-BCl3), m/z 257.2 (M
+-OBCl3) and m/z 245.4 (M
+-CH2OBCl3), 
Figure 2.7.  Therefore, the desired compound, 1-BCl2-2-Ph-closo-1,2-C2B10H10, was not 
isolated in the reaction which involved THF as the solvent and instead a THF-opened 





Figure 2.7 The electron-ionisation mass spectrum from the reaction of 
1-Ph-closo-1,2-C2B10H11, n-BuLi and BCl3 in THF. 
 
In the reported synthesis by Erdyakov et al. to form 1-BCl2-2-R-closo-1,2-C2B10H10 
(R = iPr, Et) the reaction solvent was a 3:1 ratio of hexane:THF due to the addition of the 
n-BuLi and BCl3 reagents in hexanes.
20  Therefore, to avoid the undesirable reaction with 
the THF solvent the reaction was trialled using hexanes as solvent.  Upon spectroscopic 
analysis of the crude reaction mixture, the 11B{1H} NMR spectrum revealed that the 
major species present was the starting material, 1-Me-closo-1,2-C2B10H11.  Therefore, 
this suggests that it is unlikely that the full deprotonation of the carborane starting material 










2.2.6 Attempted Synthesis of 1-BCl2-2-Me-closo-1,2-C2B10H10 in Fluorobenzene 
 
The unsuccessful formation of 1-BCl2-2-R-closo-1,2-C2B10H10 derivatives (R = Me and 
Ph) using THF or hexanes as solvent prompted the use of alternative solvents for the 
reaction.  To a fluorobenzene solution of 1-Me-closo-1,2-C2B10H11, n-BuLi was added 
dropwise.  The pale yellow suspension was stirred at room temperature and cooled 
to -78 °C before the addition of BCl3, Scheme 2.8.  The suspension was stirred overnight 
and upon removal of the lithium salts via cannula filtration, the fluorobenzene solution 






Scheme 2.8 The reaction of 1-Me-closo-1,2-C2B10H11, n-BuLi and BCl3 in 
fluorobenzene in an attempt to isolate 1-BCl2-2-Me-closo-1,2-C2B10H10. 
 
The crude reaction mixture was analysed via NMR spectroscopy.  The 11B{1H} NMR 
spectrum displayed resonances between δ 2.4 and -9.8 ppm in the ratio of 1:1:2:2:2:2.  An 
integral-1 resonance was observed at δ 54.0 ppm, which showed no 1H coupling in the 
11B NMR spectrum, Figure 2.8.  Previously reported 1-BCl2-R-closo-1,2-C2B10H10 
(R = iPr and Et) species by Erdyakov et al. showed similar resonances in the 11B{1H} 
NMR spectrum for the dichloroboryl-substituent at δ ca. 54 ppm for both species.20  The 
1H NMR spectrum of the crude reaction mixture showed no characteristically broad 
singlets, suggesting that there was no Ccage-H present.  A singlet was observed at 












Figure 2.8 The 11B NMR spectrum (top, blue) and 11B{1H} NMR spectrum (bottom, 
black) for the crude reaction mixture of 1-Me-closo-1,2-C2B10H11, n-BuLi 
and BCl3 in fluorobenzene (recorded in C6D6). 
 
With the aim of removing suspected trigonal boron impurities that were apparent in the 
11B{1H} NMR spectrum (δ ca. 30 ppm), the crude solid was extracted with petrol.  Upon 
analysis of the 11B{1H} NMR spectrum it was apparent that the product was degrading, 
with resonances representing 1-Me-closo-1,2-C2B10H11 emerging and an increase in the 
suspected trigonal boron species impurities. Unfortunately, electron-ionisation mass 
spectrometry did not show the molecular ion peak expected for the molecular weight of 
the product (238.96 g mol-1).  Therefore, 1-BCl2-2-Me-closo-1,2-C2B10H10 was not 













2.2.7 µ-2,2ʹ-BPh-{1-(1ʹ-closo-1ʹ,2ʹ-C2B10H10)-closo-1,2-C2B10H10} (5) 
 
Several synthetic routes were trialled by Yruegas et al. to form derivatives of 
µ-2,2ʹ-BNiPr2-{1-(1ʹ-closo-1ʹ,2ʹ-C2B10H10)-closo-1,2-C2B10H10}.  However, 
deprotonations of 1,1ʹ-bis(ortho-carborane) and addition of BRCl2 in toluene and THF 
led to either decomposition or no reaction was observed.23  In this work fluorobenzene 
was considered as solvent from the promising spectroscopic data produced from the 
attempted synthesis of BCl2-substituted carboranes reported in Section 2.2.6.  The 
compound 1,1ʹ-bis(ortho-carborane) was prepared29 and doubly deprotonated in a 
fluorobenzene solution using n-BuLi.  Following the addition of one equivalent of PhBCl2 
the reaction was heated to reflux for 2 hours before being evaporated to dryness.  The 
product µ-2,2ʹ-BPh-{1-(1ʹ-closo-1ʹ,2ʹ-C2B10H10)-closo-1,2-C2B10H10} (5) was isolated as 







Scheme 2.9 The deprotonation of 1,1ʹ-bis(ortho-carborane) in fluorobenzene and 
addition of PhBCl2 to afford µ-2,2ʹ-BPh-{1-(1ʹ-closo-1ʹ,2ʹ-
C2B10H10)-closo-1,2-C2B10H10} (5). 
 
The 1H NMR spectrum of compound 5 displayed three multiplets between δ 8.29-8.26, 
7.98-7.96 and 6.93-6.89 ppm in a 1:2:2 ratio, which account for the five phenyl substituent 
protons.  The 11B{1H} NMR spectrum of 5 showed resonances in a 2:2:8:4:4 ratio 
between δ 3.4 and -11.3 ppm which account for the twenty boron atoms within the 
1,1ʹ-bis(ortho-carborane) substituent.  An additional integral-1 resonance which was 
broader was observed at δ 58.5 ppm and showed no 1H coupling in the 11B NMR 











Figure 2.9 The 11B{1H} NMR spectrum of 5 in C6D6. 
 
Electron-ionisation mass spectrometry showed a molecular ion as part of the boron 
isotope envelope centred on m/z 372.4, which is consistent with the expected molecular 






















Assessing the acidity of a Lewis acid is important when selecting the appropriate Lewis 
acid component for FLP catalysis.  One spectroscopic method which is widely used for 
assessing the acidity of boron-based Lewis acids for use in FLPs is the Gutmann-Beckett 
method.7, 8  Following the addition of a boron-based Lewis acid to a solution containing 
Et3PO, the downfield shift in relation to free Et3PO in the 
31P{1H} NMR spectrum can be 
used as an indication of the Lewis acidity of the compound.7, 8  The magnitude of the 
relative downfield shift in the 31P{1H} NMR spectrum is converted to an Acceptor 
Number (AN), Equation (2.1).7  The AN can be calculated from the Et3PO-Lewis acid 
complex δcomplex (ppm) and two reference points; the 
31P{1H} NMR resonance of Et3PO 
in hexane (which has no Lewis acidity) [δ(1) = 41.0 ppm] and the 
31P{1H} NMR resonance 
of the complex formed by Et3PO and SbCl5 (a very strong Lewis acid) [δ(2) = 86.1 ppm].
7  
Thus, hexane has an AN of 0 and SbCl5 has an AN of 100, and Lewis acids (weaker than 
SbCl5) will have an AN between 0 and 100.  Therefore, the relative Lewis acidity of a 
compound can be reflected through the AN, with larger ANs denoting stronger Lewis 
acids.   The Gutmann-Beckett method is reported to be in good agreement with the Lewis 
acidity obtained by the Childs method.30  However, a few reports describe that when 
assessing Lewis acidity, the Lewis acid and base of choice should follow Pearson’s 
Hard-Soft Acid-Base (HSAB) principle to obtain more reliable results.31, 32  The ease of 
obtaining the AN has led to ANs being routinely quoted as part of the experimental work 
on new Lewis acids.1, 9, 23  
    AN =
δ(complex)− δ(1)
δ(2)−δ(1)
x 100                                        (2.1) 
 
Two factors to be considered when comparing ANs for different Lewis acids are (a) the 
deuterated solvent used to record the 31P{1H} NMR spectrum of the Lewis acid-Et3PO 
complex and (b) the molar ratio of Lewis acid to Et3PO.  In fact, the variation in the molar 
ratio of Lewis acid to Et3PO has led to different ANs being reported for the same Lewis 
acid.   For example, Zukowska and co-workers reported that a 1:1 ratio of BPh3 to Et3PO 
produced an AN of 52.3,33 and the same authors later reported that a 2:1 ratio of BPh3 to 
Et3PO gave an AN of 65.6.




Zukowska and co-workers employed a modified Gutmann-Beckett method to obtain 
definite ANs.24  The equilibrium between the complexed (Et3PO-Lewis acid) and the 
uncomplexed Et3PO is faster than the NMR time scale.
24  Therefore, the resonance 
observed in the 31P{1H} NMR spectrum, which is shifted downfield with respect to free 
Et3PO (δ 41.0 ppm), is the weighted average resonance between that of the complexed 
species (δcomplex) and that of free Et3PO.
24  Zukowska and co-workers investigated various 
concentrations of solutions of Et3PO and through extrapolation of the data to infinite 
Lewis acid excess obtained the absolute δcomplex.
24  It was concluded by Zukowska and 
co-workers that molar ratios of Lewis acid to Et3PO greater than 2:1 were sufficient to 
give a chemical shift which was representative of the fully complexed species.24  Using 
an increased molar ratio of Lewis acid to Et3PO was also previously reported by Stephan 






















In this work a series of novel Lewis acidic boryl-carboranes were synthesised with 
different substituents on the second carbon atom of the cage.  The relative Lewis acidities 
were assessed for the newly synthesised boryl-carboranes, boryl-carboranes previously 
reported in the literature (II and III19) and for selected boron reagents using the modified 
Gutmann-Beckett method24 involving a 3:1 molar ratio of Lewis acid to Et3PO in 1 mL 
of C6D6 to obtain the respective ANs, Table 2.1. 
                                                    




I BMes2F 10.0 45.5 
II 1-BMes2-closo-1,2-C2B10H11 28.4 53.8 
1 1-BMes2-2-Me-closo-1,2-C2B10H10 27.7 53.5 
III 1-BMes2-2-Ph-closo-1,2-C2B10H10 27.9 53.6 
2 1-Bcat-closo-1,2-C2B10H11 82.6 78.3 
3 1-Bcat-2-Me-closo-1,2-C2B10H10 81.1 77.6 
4 1-Bcat-2-Ph-closo-1,2-C2B10H10 80.6 77.4 
5 µ-2,2ʹ-BPh-{1-(1ʹ-closo-1ʹ,2ʹ-C2B10H10)-closo-1,2-C2B10H10} 86.4 80.0 
- B(C6F5)3 76.1 75.3 
 
Table 2.1 The Acceptor Numbers (ANs) obtained in this work for novel and 
previously reported Lewis acidic boryl-carboranes and for selected boron 
reagents. 
 
It has been well established that C-bound substituents on carborane cages experience an 
electron-withdrawing effect from the cage.14-16  Work by Spokoyny and co-workers used 
DFT calculations to quantify the electron-withdrawing capabilities of a C-bound 
carborane cage in comparison to that of a C6F5 substituent on a PPh2 group.
34  The impact 
of attaching a C-bound C2B10 substituent or a C6F5 substituent to a PPh2 group was 
identical in both cases, i.e. attachment of either substituent resulted in similarly lowered 
phosphorus lone pair energies with respect to the phosphorus lone pair energy of PPh3.
34  




carborane cage have similar electron-withdrawing capabilities.  It is of interest to this 
work to consider these findings by Spokoyny and co-workers,34 in the context of Lewis 
acids.  Therefore, this work investigated alterations to the Lewis acidity of a boron centre 
through the substitution of an electron-withdrawing C-bound C2B10 cage.    
 
Initially the Lewis acidity of a boron reagent not bearing a carborane substituent was 
trialled.  The AN was obtained for dimesitylboron fluoride (BMes2F, I) and was found to 
be 10.0, Table 2.1.  This low AN indicates a relatively weakly Lewis acidic compound in 
the range of ANs defined by Gutmann (weakly Lewis acidic, AN = 0 for hexane and 
strongly Lewis acidic AN = 100 for SbCl5.
7  Note ANs of over 100 have been previously 
reported9).  To investigate the impact of substitution of a C-bound C2B10 cage on the 
Lewis acidity of a boron centre, the AN for the literature compound II,19 
1-BMes2-closo-1,2-C2B10H11 (AN = 28.4) was obtained, Table 2.1.  Comparison of the 
ANs for I and II showed an increase in AN from the exchange of the fluorine substituent 
for the C-bound C2B10 cage.  Therefore, the substitution of an electron-withdrawing 
C-bound C2B10 cage onto the dimesitylboryl group causes a relatively large increase in 
Lewis acidity at the boron centre. 
 
It was identified that an increase in Lewis acidity at the boron centre was possible 
following the substitution of a C-bound C2B10 cage instead of a fluorine substituent.  
Further investigations focused on the influence on the Lewis acidity of the boron centre 
by substitutions at the carborane cage with C-bound, weakly electron-donating 
or -withdrawing substituents adjacent to the Ccage-BR2 group.  The synthesis and isolation 
of 1-BMes2-2-Me-closo-1,2-C2B10H10 (1) allowed for comparison of the AN obtained for 
1 and the ANs obtained for the previously reported family of dimesitylboryl-carboranes 
1-BMes2-closo-1,2-C2B10H11 (II) and 1-BMes2-2-Ph-closo-1,2-C2B10H10 (III) by Fox 
and co-workers.19   The respective ANs for II, III and 1 are 28.4, 27.9 and 27.7 showing 
that there is only a minor variation in the AN, and therefore a minor variation in the Lewis 
acidity at the boron centre, following attachment of weakly electron-donating (Me) 
or -withdrawing (Ph) groups, on the second carbon vertex of the cage adjacent to the 





To further investigate the impact on the Lewis acidity of the boron centre via substitution 
of the second cage carbon vertex, and to investigate different substituents at the boron 
centre, a series of novel catecholboryl-carboranes (1-Bcat-2-R-closo-1,2-C2B10H10) were 
synthesised.  Comparison of the AN for the dimesitylboryl-carborane II 
(1-BMes2-closo-1,2-C2B10H11, AN = 28.4) and the AN for the compound 
1-Bcat-closo-1,2-C2B10H11 (2, AN = 82.6) showed a substantial increase in AN, Table 
2.1.   This increase can be understood from the presence of the electronegative oxygen 
atoms in the catechol substituent in 2, which have an electron-withdrawing effect, and 
hence increase the Lewis acidity at the boron centre in 2, in comparison to II which has 
electron-donating mesityl groups appended to the boron centre.   
 
Comparison of the ANs for the catecholboryl-carborane series, 
1-Bcat-closo-1,2-C2B10H11 (2, AN = 82.6), 1-Bcat-2-Me-closo-1,2-C2B10H10 
(3, AN = 81.1) and 1-Bcat-2-Ph-closo-1,2-C2B10H10 (4, AN = 80.6) show that the 
compounds have similar ANs, Table 2.1.  These results also follow the trend observed for 
the series of dimesitylboryl-carboranes (II, III and 1) which showed that weakly 
electron-donating or -withdrawing substituents on the second carbon vertex of the cage 
has a minor effect on the Lewis acidity on the trigonal boron atom on the first carbon 









Figure 2.10 The Acceptor Number (ANs) obtained for the series of (a) 
dimesitylboryl-carboranes (II, III, 1) and (b) catecholboryl-carboranes 




It is apparent that significant tuneability of the Lewis acidity of boryl-carboranes is not 
possible through the substitution of weakly electron-donating or -withdrawing groups at 
the second carbon vertex of the cage.  However, substitution of electron-donating 
(mesityl) or -withdrawing (catechol) groups at the trigonal boron centre has a greater 
impact on the Lewis acidity.  It was concluded from the comparison of the ANs for I and 
II that exchange of a fluorine substituent for an electron-withdrawing C-bound C2B10 
cage increases the AN and therefore, increases the Lewis acidity of the boron centre.  To 
further enhance the Lewis acidity of the boryl-carborane species, it was speculated that 
the substitution of an additional C-bound C2B10 cage directly at the boron centre would 
potentially generate a highly Lewis acidic species with a large AN. 
 
Wade and co-workers previously reported the formation of phenylboryl units bearing 
either two methyl-substituted ortho-carborane cages or two meta-carborane cages, Figure 
2.11.22  Unfortunately, no spectroscopic or crystallographic data was reported for these 
compounds.  More recently, Yruegas et al. reported the formation of µ-2,2ʹ-BNiPr2-{1-
(1ʹ-closo-1ʹ,2ʹ-C2B10H10)-closo-1,2-C2B10H10}, a BN
iPr2 group with two linked carborane 
cages in the form of a 1,1ʹ-bis(ortho-carborane) substituent, Figure 2.11.23  The AN for 
this compound was reported by Yruegas et al. to be 15.3.23  However, it is evident from 
the low AN and planarity of the BNiPr2 group that there is a probable overlap between 
the empty p-orbital on the boron atom and the filled p-orbital on the nitrogen atom, 
leading to the boron centre being weakly Lewis acidic.  Therefore, the impact of having 
two electron-withdrawing carborane cages in the form of the 1,1ʹ-bis(ortho-carborane) 
substituent is not evident from the AN of this compound.  Moreover, the AN calculated 
for the compound reported by Yruegas et al. was obtained from a Gutmann-Beckett 
experiment involving an excess of Et3PO.
23  Therefore, the δcomplex obtained may not be 







Figure 2.11 Examples of Lewis acidic boron centres bearing two carborane cages 
reported by Wade and co-workers (a),22 by Yruegas et al. (b)23 and from 
this work, compound 5 (c). 
 
In this work, substitution of two carborane cages onto a phenylboron unit was carried out 
with a 1,1ʹ-bis(ortho-carborane) substituent to form µ-2,2ʹ-BPh-{1-(1ʹ-closo-1ʹ,2ʹ-
C2B10H10)-closo-1,2-C2B10H10} (5), Figure 2.11.  The AN for 5 was calculated to be 86.4 
and indicates a strongly Lewis acidic species.  Therefore, appending one or more C-bound 
carborane cages enhances the Lewis acidity at the trigonal boron centre in this case and 












2.3.3 Ranking the Acidity of Boryl-Carboranes based on AN 
 
In FLP chemistry, there is an emphasis on the importance of the strength of the individual 
Lewis acid and Lewis base components in intermolecular FLPs.6   It is apparent that 
highly Lewis acidic boron reagents, such as B(C6F5)3, are required for metal-free 
hydrogenations as well as a variety of catalytic organic tranformations.3  Therefore, 
assessing the acidity of potential Lewis acid components prior to their application in 
catalysis is essential.6  In this work the Lewis acidity of two families of boryl-carboranes 
were ranked and compared to the highly Lewis acidic B(C6F5)3.  These results are 
summarised in Table 2.2 




5 µ-2,2ʹ-BPh-{1-(1ʹ-closo-1ʹ,2ʹ-C2B10H10)-closo-1,2-C2B10H10} 86.4 80.0 
2 1-Bcat-closo-1,2-C2B10H11 82.6 78.3 
3 1-Bcat-2-Me-closo-1,2-C2B10H10 81.1 77.6 
4 1-Bcat-2-Ph-closo-1,2-C2B10H10 80.6 77.4 
- B(C6F5)3 76.1 75.3 
II 1-BMes2-closo-1,2-C2B10H11 28.4 53.8 
III 1-BMes2-2-Ph-closo-1,2-C2B10H10 27.9 53.6 
1 1-BMes2-2-Me-closo-1,2-C2B10H10 27.7 53.5 
I BMes2F 10.0 45.5 
 
Table 2.2 The rank order of Lewis acidity of a series of synthesised and reported Lewis 
acidic boryl-carboranes and boron reagents based upon the ANs. 
 
It is clear from the rank order of the series of boryl-carboranes and boron reagents that 
C-bound C2B10 cages can generate highly Lewis acidic compounds in cases where the 
other substituents at the boron centre are not highly electron-donating.  The family of 
dimesitylboryl-carboranes (II, III and 1) are weakly Lewis acidic (AN = ca. 28) due to 
the presence of two strongly electron-donating mesityl groups at the trigonal boron centre. 
 
The family of catecholboryl-carboranes (2, 3 and 4) are highly Lewis acidic (AN = ca. 81) 




that this family of compounds could be potentially active Lewis acid components in FLP 
catalysis (when combined with a suitable Lewis base) for several reactions.  For example, 
metal-free hydrogenations and hydrosilylations, which are catalysed by strong Lewis 
acids such as B(C6F5)3.  
 
Compound 5 is ranked in this series of compounds as the most Lewis acidic with an AN 
of 86.4, Table 2.2.  The use of two carborane cage substituents in the form of a 
1,1ʹ-bis(ortho-carborane) substituent generated a highly Lewis acidic compound, which 
has a larger AN and therefore, greater Lewis acidity than B(C6F5)3.  Compound 5 also has 
considerable steric bulk making it an ideal Lewis acid candidate for FLP catalysis.  The 
results reported in this work have been summarised in Figure 2.12, which displays the 
31P{1H} NMR spectra for the modified Gutmann-Beckett experiments for all Lewis acids 
measured.  The greater the Lewis acidity of compound, the greater the downfield shift in 
the 31P{1H} NMR spectrum.8   
 
Figure 2.12 The resonances in the 31P{1H} NMR spectra of the series of 
boryl-carboranes and boron reagents following the addition of Et3PO using 

















2.4 Chapter Summary 
 
In this chapter a new addition to the reported dimesitylboryl-carborane family, 
1-BMes2-2-Me-closo-1,2-C2B10H10 (1), was synthesised and fully characterised.  The 
synthesis of a new family of catecholboryl-carboranes, 1-Bcat-2-R-closo-1,2-C2B10H10 
[R = H (2), Me (3) and Ph (4)] was developed and compounds 2-4 were characterised 
spectroscopically and crystallographically.  The successful synthesis of 5, 
µ-2,2ʹ-BPh-{1-(1ʹ-closo-1ʹ,2ʹ-C2B10H10)-closo-1,2-C2B10H10}, was carried out using 
fluorobenzene as solvent.  Compound 5 was characterised by NMR spectroscopy and 
electron-ionisation mass spectrometry. 
 
Attempts to form 1-BCl2-2-R-closo-1,2-C2B10H10 (where R = Me, Ph) compounds in THF 
led to the suspected formation of a ring-opened THF adduct with the carborane cage and 
BCl3.  Spectroscopic analysis of the results of alternative attempts to isolate the desired 
compound using hexanes as solvent showed that only starting material was present in the 
crude reaction mixture.  The use of fluorobenzene as solvent showed promising results 
from the spectroscopic analysis in that 11B and 11B{1H} NMR spectra for the crude 
reaction mixture indicated the formation of the desired species.  Unfortunately, isolation 
of this highly air- and moisture-sensitive compound was not possible due to degradation 
over time and during purification. 
 
The ability to rank the strength of the Lewis acid component in an FLP is a crucial factor 
in determining whether the FLP will be successful in catalysis.  In this work a modified 
Gutmann-Beckett method was used to obtain the relative Acceptor Number (AN) of 
newly synthesised boryl-carboranes and previously reported boryl-carboranes.  The 
compounds were then ranked according to their relative Lewis acidities and compared to 
the highly Lewis acidic compound B(C6F5)3.  Ranking the relative Lewis acidities of the 
compounds aided the selection of highly Lewis acidic compounds for FLP catalysis.  This 
will be covered further in Chapter 4. 
 
The work in this study agreed with earlier reports that C-bound carborane cages are 




acidity, and therefore AN, when a C-bound C2B10 cage was substituted in place of a 
fluorine substituent onto a dimesitylboryl group [BMes2F (I), AN = 10.0 and 
1-BMes2-closo-1,2-C2B10H11 (II), AN = 28.4], Figure 2.13. 
 
The tuneability of Lewis acidity of boryl-carboranes was tested for the first time by 
formation of the boryl-carboranes with substituents on the second carbon vertex of the 
cage.  Comparisons of the ANs revealed that structural modifications to the carborane 
cage through substitutions of weakly electron-donating and -withdrawing groups at the 
second carbon vertex of the cage had no impact on the Lewis acidity of the trigonal boron 
centre.  Commonly, structural modifications to the Lewis acid alter the Lewis acidity, 
which can be undesirable.3  In the case of carborane scaffolds the retention of Lewis 
acidity upon structural modifications to the cage could be beneficial in cases of FLP 
chemistry where compounds of similar Lewis acidities are required but different 
structural features are necessary for catalysis, for example, different substrate interactions 
and cavity sizes.   
 
The ability to tune the Lewis acidity of the boryl-carboranes was shown in cases where 
the substituents directly bonded to the boron centre were altered.  The family of 
dimesitylboryl-carboranes (II, III and 1) were ranked as weakly Lewis acidic with low 
ANs of ca. 28, Figure 2.13.  Thus, two highly electron-donating mesityl groups directly 
bonded to the boron centre had a greater influence on the Lewis acidity than substitution 
on the carborane cage.  Therefore, a new family of catecholboryl-carboranes were 
synthesised and their relative Lewis acidities ranked.  The catecholboryl-carboranes (2-4) 
were shown to be highly Lewis acidic (AN = ca. 81) and have similar Lewis acidities to 
B(C6F5)3 (AN = 76.1).  Further enhancement of the Lewis acidity at the boron centre was 
achieved through substitution of a 1,1ʹ-bis(ortho-carborane) substituent to a phenylboron 
centre to generate compound 5.  Compound 5 was found to be the strongest Lewis acid 
in the series of compounds tested in this study, Figure 2.13.  Therefore, boron centres 
bearing one or more C-bound C2B10 cage substituents are highly Lewis acidic in cases 
where the other substituents at the boron centre are not strongly electron-donating.  The 
highly Lewis acidic boryl-carboranes 2-5 have the potential to be active catalysts (in 
conjunction with an appropriate Lewis base) for a large range of FLP catalysed reactions, 

















Figure 2.13 The Acceptor Numbers (ANs) obtained in this study for the novel Lewis 
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Chapter 3: Lewis Base Carboranes 
  
3.1 Introduction  
 
In the research area of frustrated Lewis pairs (FLPs) a variety of Lewis bases have been 
established to act as catalysts in small molecule activation when combined with a suitable 
Lewis acid.1  For example, phosphorus and nitrogen centres as well as carbenes have been 
employed.2  The most widely studied combination of Lewis acid and Lewis base to form 
an FLP involves a phosphorus centre as the Lewis base and a boron centre as the Lewis 
acid, Figure 3.1. 
 
Figure 3.1 Examples of intra- and intermolecular FLPs based on boron and 
phosphorus for (a) hydrogen activation,3-5 (b) catalysing Michael 
additions6 and (c) catalysing hydrosilylations.7 
 
As discussed in Chapter 2, a carborane cage provides an advantageous scaffold for Lewis 
acid components in FLPs.  There is also strong potential that the carborane scaffold can 
be employed for Lewis base components, as there is the benefit of steric bulk from the 
carborane cage and the ability to modify the catalyst scaffold through cage substitutions, 
structural alterations (such as polyhedral expansion and reductions) and changing from 
carbon- to boron-vertex substitution. 
 
In carborane chemistry, substitution of the cage vertices with phosphine substituents to 




carboranylphosphines can be achieved through metalation at the carbon vertices and 





Scheme 3.1 Metalation and substitution of a phosphine group (PR2) onto the carbon 
vertices of ortho-carborane. 
 
It has been established recently that the formation of B-bound carboranylphosphines can 
be achieved through substitution of a phosphine onto the B(9) position of 
iodinated-m-carborane via cross coupling of HPR2 and 9-I-closo-1,7-C2B10H11 in the 






Scheme 3.2 Cross-coupling of 9-I-closo-1,7-C2B10H11 with a secondary phosphine in 
the presence of a palladium catalyst to generate B-bound 
carboranylphosphines, [Pd/L = Pd2dba3 (dibenzylideneacetone, 6 mol%)/ 
DIPPF (diisopropylphosphinoferrocene, 12 mol%)].9 
 
As discussed in Chapter 2, the relative strengths of the Lewis acid and Lewis base 
components in an FLP are crucial factors in determining the success of small molecule 
activation by an FLP.10  Therefore, the ability to rank the Lewis basicity is a valuable tool 
in selecting appropriate Lewis bases for performing FLP catalysis.  In terms of Lewis 
acidities, the Acceptor Number (AN)11 is now regularly reported for Lewis acid 
components in FLPs, however, the relative basicities of Lewis base components used in 




It is possible to rank the relative basicities of a series of phosphines.  One method involves 
the conversion of a phosphine to the corresponding phosphine selenide by reaction with 
elemental selenium12 or KSeCN.13  Analysis of the 31P{1H} NMR spectrum of the 
phosphine selenide product provides the one-bond spin-spin phosphorus selenium 
coupling constant (1JPSe). The magnitude of the 
1JPSe, measured in Hz, is obtained from 
the 77Se satellites either side of the major resonance in the 31P{1H} NMR spectrum of the 
phosphine selenide product.  Selenium has six isotopes (74Se, 76Se, 77Se, 78Se, 80Se and 
82Se) but only the 77Se isotope is NMR active, with a nuclear spin of ½.  As the 77Se 
isotope is only 7.63% abundant, the splitting of the phosphorus resonance into a doublet 
is only observed for 7.63% of the sample and therefore, results in selenium satellites either 
side of the major phosphorus resonance.  It is also possible to obtain the magnitude of 
1JPSe from analysis of the 
77Se NMR spectrum of the phosphine selenide product.  
 
The magnitude of the 1JPSe is dependent on the degree of 3s character in the phosphorus 
lone pair.14  Therefore, the substituents attached to the phosphorus centre impact on the 
value of 1JPSe.  If electron-withdrawing substituents are attached to the phosphorus centre 
it will be less basic and as a result have more s character in the lone pair.14  The increase 
in s character in turn increases the value of the 1JPSe.  The inversely proportional 
relationship between basicity and 1JPSe was reported by Kunz et al. who observed the 
strong correlation between the two parameters when plotting the experimental 1JPSe values 




                  
 
There were no reports of carboranylphosphine selenides in the literature prior to work by 
Viñas and co-workers in 2011.16  A search of the Cambridge Structural Database17 
revealed that only a small number of carboranylphosphine selenides16, 18-21 and a 
metallacarborane with phosphine selenide substituent22 have been crystallographically 





Figure 3.2 Crystallographically characterised carboranylphosphine selenides (a) to 
(e)16, 18-21 and a metallacarborane with phosphine selenide substituent (f).22 
 
In this chapter the synthesis of novel carboranylphosphines was targeted and where 
possible the corresponding carboranylphosphine selenides.  The 1JPSe was then used to 
gain insight into the influence of the carborane cage on the Lewis basicity of the 
substituent phosphine.  The magnitude of the 1JPSe values will then be used as a guide to 
rank the basicities of the various carboranylphosphines for use in FLP catalysis.   
 
Throughout this chapter if a phosphine or carboranylphosphine is a literature species then 
it will be denoted by a Roman numeral (IV, V, etc.) and if it is a novel species it will be 
denoted with an Arabic numeral (6, 7, etc.).  For clarity, the corresponding phosphine 
selenide or carboranylphosphine selenide will then be denoted with a Se following the 
initial numeral, for example IVSe or 6Se, even if a species is novel to this work.  The 
results presented in this Chapter have been published (see Appendix)23 and were carried 
out in collaboration with Zachariah Copeland and James Watson who were working 




3.2 Synthesis of Novel Carboranylphosphines based on 1,1ʹ-Bis(meta-carborane) 
 
The unlinked carbon vertices of 1,1ʹ-bis(ortho-carborane) can undergo similar reactions 
to those of ortho-carborane.  For example, the unlinked cage carbon vertices can undergo 
metalation, followed by substitution.  An important aspect of the chemistry of 
1,1ʹ-bis(ortho-carborane) involves the double deprotonation of the cage carbon vertices 
to yield a dianionic ligand which has been used to chelate main group and transition-metal 
fragments.24  However, there are only a few examples of cage substitution reactions with 
1,1ʹ-bis(ortho-carborane) that involve substitution of the cage carbon vertices with groups 
such as halogens,25 methyl groups25 and nitroso groups.26  
 
Wong et al. report the single substitution of a phosphine group onto 
1,1ʹ-bis(ortho-carborane) through lithiation of one of the cage carbon vertices and 
reaction with ClPR2 [where R = 
iPr, N(iPr)2 and Ph].
27  Wong et al. also reported the 
double lithiation and double substitution of 1,1ʹ-bis(ortho-carborane) with PR2.
27  
However, in the case of double substitution, one of the phosphorus centres performs a 
B-H activation which is followed by the reduction of one of the cages to form a 







Figure 3.3 12-vertex-closo/12-vertex-nido-bis-carborane species reported [R = iPr, 
N(iPr)2] and crystallographically characterised (R = Ph) by Wong et al.
27 
 
In the case of 1,1ʹ-bis(meta-carborane) there are two examples of double substitution of 
phosphine groups [P(NMe2)Rʹ, where Rʹ = NMe2 or OMe] onto the cage carbon vertices
28 




Therefore, the phenomenon reported by Wong et al. involving cage opening was not seen 
for the meta-isomer.27  However, there are no reports of single substitution of any group 
on 1,1ʹ-bis(meta-carborane).   
 
There are also five crystallographically characterised examples of double substitution of 
1,1ʹ-bis(para-carborane).29-32  Although there are no crystallographically characterised 
examples of single substitution of any group on 1,1ʹ-bis(para-carborane), there are reports 
of these species being used in polymer chemistry32 and metal-organic-frameworks 
(MOFs).30  
 
In this work we aim to expand the library of carboranylphosphines based upon 
1,1ʹ-bis(meta-carborane) by attempting to synthesise the products of single and double 






















3.2.1 1-(1ʹ-closo-1ʹ,7ʹ-C2B10H11)-7-PPh2-closo-1,7-C2B10H10 (6) 
 
To a toluene solution of 1,1ʹ-bis(meta-carborane),28 n-BuLi was added followed by 
ClPPh2 to afford 1-(1ʹ-closo-1ʹ,7ʹ-C2B10H11)-7-PPh2-closo-1,7-C2B10H10 (6) as a white 








Scheme 3.3 Metalation and substitution of a diphenylphosphine group onto 
1,1ʹ-bis(meta-carborane) to afford 6. 
 
Compound 6 was identified by electron-ionisation mass spectrometry with a 
characteristic heteroborane envelope centred on m/z 470.5, which is consistent with the 
expected molecular weight for the molecular formula C16H31B20P (470.6 g mol
-1). 
 
The 1H NMR spectrum of 6 displayed resonances accounting for the phenyl protons of 
the diphenylphosphine substituent with two multiplets of integral-4 and integral-6 
between δ 7.79-7.74 and 7.51-7.43 ppm, respectively.  A broad singlet is seen at 
δ 2.91 ppm representing the Ccage-H, with an integral of 1H. 
 
The 31P{1H} NMR spectrum of 6 showed one singlet resonance at δ 20.7 ppm.  The 
11B{1H} spectrum shows two broad, overlapping sets of resonances between δ -1.2 



























3.2.2 1-(1ʹ-7ʹ-PPh2-closo-1ʹ,7ʹ-C2B10H10)-7-PPh2-closo-1,7-C2B10H10 (7) 
 
The double deprotonation of a toluene solution of 1,1ʹ-bis(meta-carborane)28 was carried 
out by the addition of n-BuLi.  Following the addition of ClPPh2 the doubly-substituted 
1-(1ʹ-7ʹ-PPh2-closo-1ʹ,7ʹ-C2B10H10)-7-PPh2-closo-1,7-C2B10H10 (7) was obtained in 11% 










Scheme 3.4 The double lithiation and substitution of two diphenylphosphine groups 
onto 1,1ʹ-bis(meta-carborane) to afford 7. 
 
Compound 7 was identified by electron-ionisation mass spectrometry, NMR 
spectroscopy and X-ray crystallography.  Electron-ionisation mass spectrometry showed 
a molecular ion seen as part of the boron isotopic envelope centred on m/z 654.4, which 
is consistent with the expected molecular weight (654.8 g mol-1). 
 
The 1H NMR spectrum of 7 showed two multiplets in the ratio of 8:12 which account for 
the twenty phenyl protons in the two diphenylphosphine substituents on the unlinked cage 
carbon vertices.  These resonances appear between δ 7.73-7.68 and 7.49-7.41 ppm 
respectively.  The 31P{1H} NMR spectrum showed one singlet resonance at δ 20.8 ppm 
which indicates the symmetric nature of compound 7.  The 11B{1H} NMR spectrum of 7 
shows two overlapping resonances between δ -1.3 and -6.3 ppm and δ -6.5 and -15.9 ppm 





Compound 7 was crystallised from a concentrated fluorobenzene solution of 7 layered 
with petrol.  The carbon-carbon linkage between the two cages (C1-C1ʹ) is 1.528(6) Å, 
which is of similar length to the C-C bond length in 1,1ʹ-bis(meta-carborane) 
[1.5401(16) Å] and in the P(NMe2)2 analogue by Stadlbauer et al. [1.527(2) Å].
28  
Compound 7 has an inversion centre through the carbon-carbon linkage between the two 
cages, Figure 3.5.  The length of the bond between the phosphine substituent and the cage 
carbon vertex (C7-P1) is 1.886(3) Å which is a very minor deviation from the C1-P1 bond 
length in the P(NMe2)2 
 analogue by Stadlbauer et al. [1.9058(13) Å].28  The phosphorus 
centre has a distorted trigonal pyramidal geometry with the bond angles ranging from 














Figure 3.5 Perspective view of 1-(1ʹ-7ʹ-PPh2-closo-1ʹ,7ʹ-C2B10H10)-7-PPh2-closo-























In this work the synthesis and characterisation of the products of single and double 
substitution of a diphenylphosphine group onto 1,1ʹ-bis(meta-carborane) was achieved 
through metalation of the unlinked carbon vertices with n-BuLi followed by the addition 
of ClPPh2. In both reactions to selectively form either the singly- (6) or the 
doubly-substituted (7) species a mixture of both species was obtained.  The mixture of 
the two species was separated using preparative TLC to isolate pure samples of 6 and 7. 
 
Compounds 6 and 7 were both characterised by NMR spectroscopy and 
electron-ionisation mass spectrometry.  In addition to this, single crystals were grown of 
7 which allowed for crystallographic characterisation.   Compound 6 is the first example 
of a singly-substituted carboranylphosphine based upon 1,1ʹ-bis(meta-carborane).  
Compound 7 is an addition to the family of disubstituted carboranylphosphines based 
upon 1,1ʹ-bis(meta-carborane) established by Stadlbauer et al.28  Compounds 6 and 7 will 
be used in further discussions regarding the Lewis basicity of phosphine substituents from 
















3.3 Adapted Synthesis of a Reported Carboranylphosphine 
 
3.3.1 1-PPh2-closo-1,7-C2B10H11 (IV) 
 
The synthesis of 1-PPh2-closo-1,7-C2B10H11 (IV) was originally reported by Alexander 
and Schroeder33 and further details were published by Rendina and co-workers who 
isolated IV in 23% yield.34  In this study an adapted synthesis was established and was 
found to isolate IV in higher yields.  A toluene solution of closo-1,7-C2B10H12 was 
deprotonated using n-BuLi and, following the addition of ClPPh2, the suspension was 
stirred at room temperature overnight, Scheme 3.5.  The compound was initially purified 
by removing excess closo-1,7-C2B10H12 via vacuum sublimation.  Following purification 
via column chromatography the product, 1-PPh2-closo-1,7-C2B10H11 (IV), was isolated 
as white crystalline solid in 57% yield.  During purification the disubstituted analogue 






Scheme 3.5 The synthesis of 1-PPh2-closo-1,7-C2B10H11 (IV) from 
closo-1,7-C2B10H12 by deprotonation with n-BuLi and addition of ClPPh2. 
 
Compound IV was identified by electron-ionisation mass spectrometry, elemental 
analysis, NMR spectroscopy and X-ray crystallography.  Electron-ionisation mass 
spectrometry showed a molecular ion seen as part of the boron isotopic envelope centred 
on m/z 328.2, which is consistent with the expected molecular weight (329.4 g mol-1).  
Elemental analysis was in agreement with the expected empirical formula of C14H21B10P. 
 
The 1H NMR spectrum of IV was recorded in C6D6 to allow distinction between the 
product resonances and the residual protio-solvent resonance.  The aromatic protons for 




and 7.06-7.04 ppm which are of integral-4 and integral-6, respectively.  The Ccage-H was 
observed as a broad singlet at δ 2.10 ppm and is of integral-1.  The presence of the Ccage-H 
resonance in the 1H NMR spectrum of IV confirms that the desired compound has been 
synthesised with only a single phosphine group on one of the cage carbon vertices. 
 
The 31P{1H} NMR spectrum of IV shows a singlet resonance at δ 19.8 ppm.  The 11B{1H} 
NMR spectrum of IV has six resonances between δ -3.6 and 14.8 ppm in the ratio of 
1:1:2:2:2:2, which account for all ten boron vertices in the carborane cage. 
 
Compound IV was characterised crystallographically with single crystals being grown 
from the slow evaporation of a DCM/petrol solution of IV.  The attachment of one 
diphenylphosphine substituent onto one of the cage carbon vertices was confirmed and 
the bond distance for C1-P1 is observed as 1.8770(13) Å, Figure 3.6.  The phosphorus 
atom in the diphenylphosphine substituent has a distorted trigonal pyramidal geometry 
with bond angles of 101.87(6)°, 104.01(6)° and 105.79(6)° for C1-P1-C101, 























3.4 Reactions of Phosphines and Carboranylphosphines with Elemental Selenium             
 
3.4.1 SePPh2(C6F5) (VSe) 
 
(Pentafluorophenyl)diphenylphosphine (V) was heated to reflux in toluene in the 
presence of excess elemental selenium to produce SePPh2(C6F5) (VSe) which was 







Scheme 3.6 Reaction of excess elemental selenium with PPh2(C6F5) (V) at toluene 
reflux affords SePPh2(C6F5) (VSe). 
 
The 1H NMR spectrum of VSe displayed an integral-4 and integral-6 multiplet between 
δ 7.98-7.92 and 7.57-7.47 ppm, respectively, corresponding to the ten phenyl protons.  
The 19F{1H} NMR spectrum showed a 2:2:1 ratio for resonances associated with five F 
atoms of the pentafluorophenyl substituent.  The 31P{1H} NMR spectrum showed a 
multiplet at δ 20.4 ppm with selenium satellites with a one-bond spin-spin phosphorus 
selenium coupling constant (1JPSe) of 774 Hz for compound VSe.   
 
Compound VSe was identified by electron-ionisation mass spectrometry with the 
molecular ion seen at m/z 431.9, which is consistent with the expected molecular weight 
of 431.2 g mol-1.  Elemental analysis was in agreement with the calculated values for the 
empirical formula of C18H10F5PSe. 
 
Compound VSe was characterised crystallographically with crystals suitable for single 




fluorobenzene solution of VSe.  The formation of the phosphorus-selenium bond was 
confirmed with a bond length of 2.1047(3) Å for P1-Se1.  The geometry around the 
phosphorus atom is distorted tetrahedral with bond angles ranging from 101.63(5)° to 




































3.4.2 1-P(Se)Ph2-closo-1,2-C2B10H11 (VISe) 
 
Compound VI, 1-PPh2-closo-1,2-C2B10H11, was prepared
35 and heated to reflux in 
toluene in the presence of excess elemental selenium.  The carboranylphosphine selenide 






Scheme 3.7 Reaction of excess elemental selenium with carboranylphosphine VI to 
afford 1-P(Se)Ph2-closo-1,2-C2B10H11 (VISe). 
 
Compound VISe was identified by electron-ionisation mass spectrometry with the 
molecular ion seen as part of the boron isotopic envelope centred on m/z 407.1, which is 
consistent with the expected molecular weight (407.4 g mol-1).  Elemental analysis also 
confirmed the formation of VISe. 
 
The 1H NMR spectrum of VISe displayed an integral-4 multiplet and an integral-6 
multiplet between δ 8.28-8.22 and 7.64-7.52 ppm respectively, corresponding to the ten 
phenyl protons of the phosphine substituent.  An integral-1 broad singlet is observed at 
δ 2.97 ppm which corresponds to the Ccage-H.  The 
11B{1H} NMR spectrum showed five 
resonances ranging from δ -0.5 to -12.8 ppm, in the relative ratio of 1:1:2:2:4.  The 
31P{1H} NMR spectrum of VISe shows a singlet at δ 50.7 ppm, with a 1JPSe of 799 Hz. 
 
Compound VISe was crystallised by slow evaporation of a concentrated CDCl3 solution 
of VISe.  The formation of the phosphorus-selenium bond was confirmed and the P1-Se1 
bond length was 2.1037(3) Å.  A distorted tetrahedral geometry was observed around the 




The cage carbon-carbon bond length is 1.6511(14) Å.  The torsion angle between 










Figure 3.8 Perspective view of 1-P(Se)Ph2-closo-1,2-C2B10H11 (VISe) and part of the 




























3.4.3 1-P(Se)Ph2-closo-1,7-C2B10H11 (IVSe) 
 
An excess of elemental selenium was added to a toluene solution of 
1-PPh2-closo-1,7-C2B10H11 (IV) and the suspension was heated to reflux overnight to 
produce 1-P(Se)Ph2-closo-1,7-C2B10H11 (IVSe).  Compound IVSe was isolated as a white 
solid in 66% yield with single crystals suitable for X-ray diffraction being obtained from 






Scheme 3.8 Reaction of excess elemental selenium with carboranylphosphine IV to 
afford 1-P(Se)Ph2-closo-1,7-C2B10H11 (IVSe). 
 
Compound IVSe was identified by electron-ionisation mass spectrometry with the 
molecular ion seen as part of the boron isotopic envelope centred on m/z 407.1, which is 
consistent with the expected molecular weight. 
 
In addition to this, NMR spectroscopy was used to identify IVSe with the 1H NMR 
spectrum displaying an integral-4 multiplet between δ 8.27-8.23 ppm and an integral-6 
multiplet between δ 7.59-7.48 ppm, corresponding to the ten phenyl protons of the 
phosphine.  A broad singlet at δ 2.97 ppm integrating to one proton is seen for the Ccage-H.  
The 11B{1H} NMR spectrum showed overlapping resonances from δ -4.1 to -14.5 ppm, 
in the ratio of 1:1:2:2:2:2.  The 31P{1H} NMR spectrum shows a singlet at δ 45.2 ppm 







Figure 3.9 The 31P{1H} NMR spectrum of 1-P(Se)Ph2-closo-1,7-C2B10H11 (IVSe) in 
CDCl3 showing the selenium satellites. 
 
Compound IVSe crystallised with two molecules in the asymmetric unit of the P21/c 
space group.  The molecular structure of IVSe confirms the formation of the 
phosphorus-selenium bond with the bond length of P1-Se [2.1054(6) Å] and P1ʹ-Se1ʹ 
[2.1018(6) Å].  A distorted tetrahedral geometry is present around the phosphorus atom 
with the bond angles ranging from 105.26(10)° to 113.90(7)° [105.95(10)° to 113.90(7)°  





















Figure 3.10 Perspective view of 1-P(Se)Ph2-closo-1,7-C2B10H11 (IVSe) and part of the 


























3.4.4 1,7-{P(Se)Ph2}2-closo-1,7-C2B10H10 (VIISe2) 
 
The disubstituted carboranylphosphine 1,7-(PPh2)2-closo-1,7-C2B10H10 (VII) was 
dissolved in toluene and heating to reflux with thirty equivalents of elemental selenium 
to produce 1,7-{P(Se)Ph2}2-closo-1,7-C2B10H10 (VIISe2).  Compound VIISe2 was 
isolated as a white solid in 57% yield and single crystals suitable for X-ray diffraction 







Scheme 3.9 Reaction of excess elemental selenium with disubstituted 
carboranylphosphine VII to afford 1,7-{P(Se)Ph2}2-closo-1,7-C2B10H10 
(VIISe2). 
 
Compound VIISe2 was identified by electron-ionisation mass spectrometry with a 
characteristic heteroborane envelope centred on m/z 670.1, which is consistent with the 
expected molecular weight of 670.5 g mol-1.  Elemental analysis was in agreement with 
the expected values for C26H30B10P2Se2. 
 
The 1H NMR spectrum of VIISe2 showed two multiplets between δ 8.21-8.15 and 
between δ 7.58-7.46 ppm, corresponding to eight and twelve protons, respectively.  The 
11B{1H} NMR spectrum showed an integral-2 resonance at δ -2.6 ppm with overlapping 
resonances at δ -9.2 and -12.3 ppm corresponding to six and two boron atoms, 
respectively.  The 31P{1H} NMR spectrum shows a singlet at δ 46.4 ppm with two 
selenium satellites giving a 1JPSe of 804 Hz for compound VIISe2.  The single resonance 





A crystallographic study showed that both phosphine groups in VIISe2 underwent 
reaction with selenium with the two P=Se bond lengths being 2.0988(3) Å (P1-Se1) and 
2.0957(4) Å (P7-Se7), Figure 3.11.  The two Ccage-P bond lengths, 1.8816(13) Å and 
1.8813(13) Å, for C1-P1 and C7-P7, respectively, are very similar.  Popescu et al. have 
reported the single oxidation of one of the Ccage-PPh2 substituents of the ortho-analogue 
with Se to give the compound 1-P(Se)Ph2-2-PPh2-closo-1,2-C2B10H10 (XISe).
16  
Compound XISe has very similar P=Se bond length [2.0982(18) Å] to those in VIISe2.16  
Both phosphorus atoms have distorted tetrahedral geometry, with angles at P1 ranging 
from 106.16(6)° to 113.52(5)° and angles at P7 ranging from 105.74(6)° to 113.93(5)°.  
The angles between the phenyl and carborane substituents at the phosphorus centre 
[C1-P1-C101 = 106.16(6)°, C101-P1-C111 = 107.09(6)° and C111-P1-C1 = 106.85(6)°] 
have widened from the unoxidised species VII which has angles at P1 ranging from 













Figure 3.11 Perspective view of 1,7-{P(Se)Ph2}2-closo-1,7-C2B10H10 (VIISe2) and 

















3.4.5 1-(1ʹ-closo-1ʹ,7ʹ-C2B10H11)-7-P(Se)Ph2-closo-1,7-C2B10H10 (6Se) 
 
A small-scale reaction was carried out for the conversion of 6 to the selenide derivative 
1-(1ʹ-closo-1ʹ,7ʹ-C2B10H11)-7-P(Se)Ph2-closo-1,7-C2B10H10 (6Se).  To a CDCl3 solution 
of 6 in a J. Young NMR tube excess elemental selenium was added and the reagents 
heated to 70 °C overnight, Scheme 3.10.  After the removal of excess selenium, 











Scheme 3.10 Reaction of 6 with excess elemental selenium to form the 
carboranylphosphine selenide 6Se. 
 
The conversion of the carboranylphosphine 6 to the carboranylphosphine selenide 6Se 
was observed by 31P{1H} NMR spectroscopy, which showed a single resonance at 
δ 46.2 ppm with selenium satellites, with a 1JPSe of 802 Hz.   
 
The 11B{1H} NMR spectrum of 6Se shows two broad overlapping resonances between 
δ 2.3 and -21.0 ppm in the ratio of 3:17, respectively.  The 1H NMR spectrum displays a 
multiplet of integral-4 between δ 8.24-8.19 ppm and an integral-6 multiplet between 
δ 7.60-7.50 ppm, representing the two phenyl substitutents of the diphenylphosphine 






The electron-ionisation mass spectrum showed a characteristic heteroborane envelope 
centred on m/z 549.3, which is consistent with the molecular formula of C16H31B20PSe 
(549.6 g mol-1). 
 
From a concentrated DCM solution of 6Se layered with petrol, single crystals of 6Se were 
grown.  The bond length of the cage carbon-carbon linkage (C1-C1ʹ) is 1.533(4) Å and 
the torsion angle C7-C1-C1ʹ-C7ʹ is 178.2(3)°, Figure 3.12.  The phosphorus-selenium 
bond length in 6Se is 2.0907(8) Å and the geometry around the phosphorus atom is 





































3.4.6 1-{1ʹ-7ʹ-P(Se)Ph2-closo-1ʹ,7ʹ-C2B10H10}-7-P(Se)Ph2-closo-1,7-C2B10H10 (7Se2) 
 
The conversion of the carboranylphosphine 7 to the carboranylphosphine selenide, 
1-{1ʹ-7ʹ-P(Se)Ph2-closo-1ʹ,7ʹ-C2B10H10}-7-P(Se)Ph2-closo-1,7-C2B10H10 (7Se2) was 
carried out by the addition of excess elemental selenium to a toluene solution of 7, 
Scheme 3.11.  The solution was heated to reflux overnight and 7Se2 was isolated in 68% 










Scheme 3.11 Reaction of 7 with excess elemental selenium to form the 
carboranylphosphine selenide 7Se2. 
 
Compound 7Se2 was identified by electron-ionisation mass spectroscopy with a 
characteristic heteroborane envelope centred on m/z 813.4, which is consistent with the 
molecular formula of C28H40B20P2Se2 (molecular weight, 812.7 g mol
-1).   
 
The 1H NMR spectrum displays an integral-8 and an integral-12 multiplet between 
δ 8.25-8.18 and 7.62-7.51 ppm, respectively, which correspond to the twenty phenyl 
protons for the two diphenylphosphine substituents in 7Se2. 
 
The 11B{1H} NMR spectrum of 7Se2 shows three broad overlapping sets of resonances 
between δ 0.9 and -18.8 ppm in the ratio of 2:2:16, corresponding to the twenty boron 
atoms in the two cages.  In the 31P{1H} NMR spectrum of 7Se2 a resonance is seen at 
δ 46.2 ppm, with selenium satellites.  The 1JPSe for compound 7Se2 is 802 Hz. 
Single crystals of 7Se2 were obtained from a concentrated DCM solution of 7Se2 layered 




linkage, Figure 3.13.  The phosphorus-selenium bond length was determined to be 
2.1009(6) Å and the Ccage-P bond length was 1.890(2) Å.  The phosphorus centre has a 










































3.5 The Influence on Lewis Basicity through Substitution at the Carborane Cage 
 
3.5.1 Substitution of a Carborane onto a Phosphine 
  
It has been well established that C-bound substituents on carborane cages experience an 
electron-withdrawing effect from the cage.37-39  More recently, Spokoyny et al. aimed to 
quantify the degree of the electron-withdrawing nature of C-bound carborane cages via 
DFT calculations that calculated the energy of the lone pair on a phosphorus centre for 
PPh2R species when R is Ph (VIII), C6F5 (V) or a C-bound carborane substituent (IV).
9  
The relative energies of the lone pair on phosphorus in compounds VIII, V and IV 
suggest that relative to VIII, V and IV have similarly lower phosphorus lone pair 
energies, Table 3.1.9  Therefore, these calculations suggests that C6F5 and a C-bound 
carborane have similar electron-withdrawing capabilities.  
Entry (Carboranyl)phosphine 1JPSe (Hz) 
Energy of Lone pair 
on P (kcal mol-1) 
VIII PPh3 729 0 
V PPh2(C6F5) 776 -9.7 
IV 1-PPh2-closo-1,7-C2B10H11 797 -9.7 
 
Table 3.1    The 1JPSe values for the phosphine selenides (VIIISe
40 and VSe) and 
carboranylphosphine selenide (IVSe) and the DFT calculated energies of the 
lone pair on phosphorus for each of the parent (carboranyl)phosphine species 
by Spokoyny et al.9 
 
Following the synthesis of the phosphine selenide, the one-bond spin-spin phosphorus 
selenium coupling constant (1JPSe) can be obtained through analysis of the 
31P{1H} NMR 
spectrum.  The convention to quote the 1JPSe value as positive will be carried out here but 
as a note, it has been determined to be negative.12  The inversely proportional relationship 
between 1JPSe and the basicity of the phosphine allow for the respective phosphines to be 
ranked in order of basicity.15 
 
The comparison of the 1JPSe values of the phosphine selenides VIIISe
40 and VSe and the 




parent (carboranyl)phosphines.  The compound with the lowest 1JPSe out of these three 
selenides is VIIISe with a 1JPSe of 729 Hz.
40  Comparison of this with the 1JPSe values of 
VSe and IVSe shows that replacement of a Ph substituent with a C6F5 or a C-bound C2B10 
substituent results in an increase in 1JPSe.  Therefore, a decrease in basicity is expected for 
the parent (carboranyl)phosphine species.  This general trend was also reported by 
Spokoyny et al. in the DFT calculations, Table 3.1.9  However, the 1JPSe values indicate a 
difference in the electron-withdrawing capabilities of a C6F5 substituent vs. a C-bound 
C2B10 substituent, with the latter being the more electron-withdrawing substituent.  On 
this basis, the electron-withdrawing capabilities of the substituent increase in the order 
Ph < C6F5 < C-bound C2B10, Figure 3.14.  Therefore, this work indicates appending a 
C-bound carborane cage to a phosphine centre will decrease the basicity of the phosphine 






Figure 3.14   The rank order of basicity for a phosphine PPh2R, where R = Ph, C6F5 and 














3.5.2 Substitution at the Carborane Cage 
 
In the previous Section 3.5.1, it was concluded from the 1JPSe values of the corresponding 
phosphine selenides and carboranylphosphine selenide that a C-bound C2B10 cage had a 
greater electron-withdrawing capability than a Ph or a C6F5 substituent.  This section will 
focus on carboranylphosphines of the form PPh2R, where R is a C-bound carborane cage, 
Figure 3.15.  A series of compounds which have alterations to the parent C2B10
 cage will 
be synthesised and the 1JPSe values for the corresponding carboranylphosphine selenides 
will be reported.  The compilation of the 1JPSe values for previously reported 
carboranylphosphine selenides, and those synthesised in this work, will be used to discuss 
the influence of substitution on the carborane cage on the basicity of the Lewis basic 







Figure 3.15  The series of carboranylphosphines with cage substitutions. 
 
The 1JPSe values for the singly-substituted carboranylphosphine selenides 
1-P(Se)Ph2-closo-1,2-C2B10H11 (VISe) and 1-P(Se)Ph2-closo-1,7-C2B10H11 (IVSe) allow 
for the comparison of the ortho- and the meta-isomers.  Compounds VISe and IVSe have 
very similar 1JPSe values of 799 Hz and 797 Hz, respectively, suggesting that the isomeric 
form on the carborane cage does not have much influence on the 1JPSe, Table 3.2.  









Entry (Carboranyl)phosphine 1JPSe (Hz) 
VIII PPh3 729 
V PPh2(C6F5) 776 
IV 1-PPh2-closo-1,7-C2B10H11 797 
VI 1-PPh2-closo-1,2-C2B10H11 799 
6 1-(1ʹ-closo-1ʹ,7ʹ-C2B10H11)-7-PPh2-closo-1,7-C2B10H10 802 
7 1-(1ʹ-7ʹ-PPh2-closo-1ʹ,7ʹ-C2B10H10)-7-PPh2-closo-1,7-C2B10H10 802 
IX 1-PPh2-2-Me-closo-1,2-C2B10H10 804  
VII 1-PPh2-7-PPh2-closo-1,7-C2B10H10 804 
XI 1-PPh2-2-PPh2-closo-1,2-C2B10H10 807 
X 1-PPh2-2-Ph-closo-1,2-C2B10H10 812  
 
Table 3.2 The 1JPSe values for the phosphine selenides (VIIISe and VSe) and 
carboranylphosphine selenides (VISe, IVSe, IXSe, XSe, XISe, VIISe2, 6Se 
and 7Se2). Selenides underlined are previously reported in the literature.16, 40 
 
 
The influence of having a C-bound, weakly electron-donating or -withdrawing substituent 
adjacent to the Ccage-PPh2 on the carborane cage was analysed via the 
1JPSe values of the 
carboranylphosphine selenides VISe, 1-P(Se)Ph2-2-Me-closo-1,2-C2B10H10 (IXSe) and 
1-P(Se)Ph2-2-Ph-closo-1,2-C2B10H10 (XSe).  The respective 
1JPSe values for VISe, IXSe
16 
and XSe16 are 799 Hz, 804 Hz and 812 Hz showing that there is only a minor variation in 
the 1JPSe for attachment of weakly electron-donating (Me) or -withdrawing (Ph) groups 
on the carbon vertex adjacent to the phosphine selenide, Table 3.2.  The difference of 
13 Hz between compounds VISe and XSe can be considered as a minor variation in 1JPSe 
as the 1JPSe values for phosphine selenides range from ca. 670 Hz
40 to ca. 1100 Hz.41 
 
The influence of an additional Lewis base substituent on the carborane cage was 
investigated through the comparison of the selenides of compounds VI and 
1,2-(PPh2)2-closo-1,2-C2B10H10 (XI).  In the reported reaction of XI with elemental 
selenium, Popescu et al. discuss that only one of the phosphine substituents has reacted 
to give 1-P(Se)Ph2-2-PPh2-closo-1,2-C2B10H10 (XISe).
16  In this work, the reaction of XI 
and elemental selenium was carried out under more forcing conditions with increased 
equivalents of selenium (20 equivalents) and increased reaction times at toluene reflux 
(20 hours).  The compound isolated from this reaction was still the singly selenated XISe 




which is potentially due to the close proximity of the two phosphine groups preventing 
two P=Se bonds being formed.  The comparison of the 1JPSe values for compounds VISe 
(799 Hz) and XISe (807 Hz)16 show that there is only 8 Hz difference between singly- and 
doubly-substituted carboranylphosphines.  This suggests that for the parent 
carboranylphosphines the attachment of a second C-bound Lewis base group on the 
second cage carbon vertex does not affect the relative basicity of the first Lewis base 
group, Table 3.2. 
 
The influence of an additional Lewis base substituent on the carborane cage was also 
investigated through the comparison of the meta-derivatives, compounds IV and 
1,7-(PPh2)2-closo-1,7-C2B10H10 (VII).  The formation of the doubly-selenated compound 
1,7-{P(Se)Ph2}2-closo-1,7-C2B10H10 (VIISe2), allowed for conclusions to be drawn with 
a fully selenated and therefore symmetrical species.  A similar difference in 1JPSe values 
between singly- and doubly-substituted carboranylphosphine selenides is seen for the 
meta-derivatives (IVSe and VIISe2, Δ = 7 Hz), Table 3.2.  This reiterates that a second 
C-bound Lewis base substituent on the second carbon vertex of the cage has little 
influence on the basicity of the first Lewis base substituent. 
 
To investigate the effect of a strongly electron-withdrawing substituent on the carborane 
cage on the relative basicity of the phosphine, compounds 6 and 7 were synthesised.  The 
1,1ʹ-bis(meta-carborane) compounds 6 and 7 can be viewed as a carborane cage bearing 
an additional C-bound carborane cage as a substituent.  As discussed in Section 3.5.1, a 
C-bound C2B10 substituent is electron-withdrawing.  The decision to use the 
1,1ʹ-bis(meta-carborane) scaffold for compounds 6 and 7 in these investigations was due 
to the reported formation of undesirable 12-vertex-closo/12-vertex-nido species during 
synthesis of the doubly-substituted carboranylphosphine based on 
1,1ʹ-bis(ortho-carborane).27  Comparison of the single cage carboranylphosphine selenide 
IVSe and the 1,1ʹ-bis(meta-carborane) carboranylphosphine selenide 6Se show a 
negligible change in the 1JPSe values (797 Hz and 802 Hz respectively), Table 3.2.  This 
can also be seen with the doubly-substituted carboranylphosphine selenides VIISe2 and 
7Se2 (804 Hz and 802 Hz respectively), Table 3.2.  Therefore, interestingly, it appears 
that an additional electron-withdrawing C-bound C2B10 substituent on an already 





3.5.3   Summary 
 
In this section, a series of compounds PPh2R, where R is either Ph, C6F5 or a C-bound 
carborane substituent were reacted with elemental selenium to obtain the corresponding 
1JPSe values for the phosphine selenides and carboranylphosphine selenide, Figure 3.16.  
 
Figure 3.16 The series of carboranylphosphine selenides with cage substitutions and the   
respective 1JPSe values.  Previously reported compounds are underlined.
16 
 
Investigations into the electron-withdrawing capability of the C-bound carborane cage in 
comparison to a Ph or C6F5 group on a PPh2R species were carried out.  This study was 
in agreement with DFT calculations by Spokoyny et al. that the electron-withdrawing 




substituent.9  However, the 1JPSe values obtained for compounds IVSe (C-bound 
carborane, 1JPSe = 797 Hz), VSe (C6F5, 
1JPSe = 776 Hz) and VIIISe (Ph, 
1JPSe = 729 Hz)
40 
showed an increase in electron-withdrawing capabilities in the order Ph < C6F5 < C-bound 
C2B10.  Therefore, it can be concluded that the basicity of the phosphine can be ranked in 
the order of increasing basicity with IV < V < VIII from the 1JPSe values of the 
corresponding selenides.  These conclusions have allowed this study to choose 
appropriate Lewis base components in FLP catalysis, which will be discussed in Chapter 
4. 
 
Further investigations focused on whether the basicity of the phosphine could be tuned 
depending on the cage substitution of the appended carborane.  Compounds of the form 
PPh2R, where R is a C-bound carborane, were used to investigate the changes in the 
basicity of the phosphine.  A series of compounds which have substituents on the parent 
C2B10
 cage were synthesised and reacted with elemental selenium to obtain the 1JPSe 
values for the corresponding carboranylphosphine selenides.  The compilation of the 1JPSe 
values for previously reported carboranylphosphine selenides16, 40 and those synthesised 
in this work, were used to discuss the influence on basicity of the parent 
carboranylphosphines from substitution at the carborane cage.  It was concluded that 
changing the isomeric form from an ortho-carboranylphosphine to a 
meta-carboranylphosphine had a negligible effect on the Lewis basicity of the phosphine.  
Substitution of a weakly electron-withdrawing or weakly electron-donating substituent to 
the second carbon vertex of the cage also had little effect on the basicity of the phosphine.  
Interestingly, the addition of a strongly electron-withdrawing C2B10 substituent to the 
second carbon vertex of the cage also had a negligible effect on the basicity of the 
phosphine.  To conclude, the ability to tune the relative basicity of the phosphine in the 
form PPh2R (where R = C-bound carborane cage) cannot be achieved through 
substitutions at the carborane cage. 
 
As previously noted, structural modifications to the Lewis acid and Lewis base centres in 
FLPs alter the strength of the FLP components, which can be undesirable.42  This work 
has shown that structural modifications to the carborane cage through substitutions at the 
second carbon vertex of the cage have minor effects on the Lewis basicity of the 




chemistry where Lewis basic components of similar basicity but different structural 


































3.6 Synthesis of Novel Carboranylphosphines 
 
3.6.1 [BTMA][7-PPh2-nido-7,8-C2B9H11] (8) 
 
Based upon an established procedure for the [NMe4]
+ salt,43 a piperidine and toluene 
solution of 1-PPh2-closo-1,2-C2B10H11 (VI) was heated to reflux for one day and 
metathesized from the piperidinium salt to the benzyltrimethylammonium  (BTMA) salt 
through the addition of aqueous [BTMA]Cl, Scheme 3.12.   The product 
[BTMA][7-PPh2-nido-7,8-C2B9H11] (8) was isolated as a white solid in 60% yield. 
 
Scheme 3.12 The deboronation of VI with piperidine at toluene reflux to give 
[BTMA][7-PPh2-nido-7,8-C2B9H11] (8). 
 
Salt 8 was characterised by elemental analysis, NMR spectroscopy and X-ray 
crystallography.  Elemental analysis was in moderate agreement with the empirical 
formula of C24H37B9NP. 
 
In the 1H NMR spectrum of 8 the aromatic protons assigned to the BTMA cation and the 
diphenylphosphine substituent are seen as several multiplets ranging from δ 7.86 to 
7.27 ppm.  Additional resonances associated with the BTMA cation are observed as an 
integral-2 singlet at δ 4.49 ppm and an integral-9 singlet at δ 3.10 ppm.  A further 
resonance is observed at δ 1.88 ppm, a broad singlet of integral-1, which corresponds to 
the Ccage-H. 
 
The 11B{1H} NMR spectrum of 8 displays resonances in the ratio of 1:1:2:1:1:1:1:1 




δ -32.2 and -36.0 ppm (each of integral-1) is characteristic of a nido-C2B9 species.
44  The 
31P{1H} NMR spectrum of 8 shows a singlet at δ 17.6 ppm. 
 
Single crystals were grown from a concentrated DCM solution of 8 layered with petrol.  
The formation of a nido-C2B9 cluster is apparent and the retention of the bond between 
the phosphine substituent and the cage carbon atom was confirmed in the structure with 
a bond length of 1.8388(19) Å (P1-C7), Figure 3.17.  The cage carbon-carbon bond length 
in 8 was 1.586(3) Å.  The phosphorus atom possesses a distorted trigonal pyramidal 












Figure 3.17 Perspective view of [BTMA][7-PPh2-nido-7,8-C2B9H11] (8) and part of 


















3.6.2 1-{PPh-(1ʹ-closo-1ʹ,2ʹ-C2B10H11)}-closo-1,2-C2B10H11 (9) 
 
A diethyl ether solution of two equivalents of ortho-carborane was deprotonated with 
n-BuLi, followed by the addition of PPhCl2.  The white suspension was heated to reflux 
for 2 hours and the product, 1-{PPh-(1ʹ-closo-1ʹ,2ʹ-C2B10H11)}-closo-1,2-C2B10H11 (9) 
was isolated in 10% yield by preparative TLC, Scheme 3.13.  The formation of the species 
{PPh-(closo-1,2-C2B10H10)}2 (XII) was also apparent in the reaction mixture and this 








Scheme 3.13 The reaction of ortho-carborane with n-BuLi and PPhCl2 to form the 
carboranylphosphine 9. 
 
Compound 9 was identified by electron-ionisation mass spectrometry with a 
characteristic heteroborane envelope centred on m/z 394.3, which is consistent with the 
expected molecular weight of 394.5 g mol-1. 
 
The 1H NMR spectrum of 9 displays two integral-1 multiplets and one integral-3 multiplet 
between δ 7.79 and 7.48 ppm, which correspond to the five phenyl protons of the 
phenylphosphine substituent.  The ratio of 1:1:3 for the phenyl protons indicates a lack of 
symmetry for the phenyl substituent.  A broad, integral-2 singlet is observed at δ 3.65 ppm 






Figure 3.18 The 1H NMR spectrum for 9 in CDCl3. 
 
The 11B{1H} NMR spectrum shows broad resonances between δ 0.2 and -12.6 ppm in the 
ratio of 2:2:4:4:8, corresponding to the twenty boron atoms in the two C2B10 cages.  In 





















3.7 Further Reactions of Carboranylphosphines with Elemental Selenium 
 
3.7.1 [BTMA][7-P(Se)Ph2-nido-7,8-C2B9H11] (8Se) 
 
To an ethanol solution of 1-P(Se)Ph2-closo-1,2-C2B10H11 (VISe), was added piperidine 
and the reaction mixture was heated to reflux.  The piperidinium salt was metathesised to 
the BTMA salt to produce [BTMA][7-P(Se)Ph2-nido-7,8-C2B9H11] (8Se) which was 
isolated in 44% yield, Scheme 3.14. 
 
Scheme 3.14 Deboronation of 1-P(Se)Ph2-closo-1,2-C2B10H11 (VISe) to afford 
[BTMA][7-P(Se)Ph2-nido-7,8-C2B9H11] (8Se). 
 
Salt 8Se was characterised by elemental analysis, NMR spectroscopy and X-ray 
crystallography.  Elemental analysis was in agreement with the empirical formula of 
C24H37B9NPSe, with carbon, hydrogen and nitrogen values within 0.5%, 0.09% and 
0.01%, respectively, of the calculated values. 
 
The 1H NMR spectrum displayed several multiplet resonances between δ 7.94 and 
7.11 ppm, which corresponds to the phenyl protons in the phosphine substituent and the 
aromatic benzyl protons in the BTMA cation.  Additionally, an integral-2 singlet and an 
integral-9 singlet at δ 4.75 and 3.32 ppm, correspond to the BTMA cation, were observed 
in the 1H NMR spectrum of 8Se.  The Ccage-H for 8Se is observed at δ 2.43 ppm as a broad 
singlet with an integral of one.  A broad, integral-1 singlet resonance at δ -2.63 ppm is 
seen in the 1H NMR spectrum and becomes sharper in the 1H{11B} NMR spectrum, 





The 11B{1H} NMR spectrum of 8Se displays resonances in the ratio of 1:1:1:2:1:1:1:1 
ranging from δ -8.5 to -35.5 ppm, Figure 3.19.  The number of boron resonances denotes 
a lack of symmetry in 8Se.  The presence of the two low frequency resonances at δ -31.2 
and -35.5 ppm (each of integral-1) is characteristic of a nido-C2B9 species.
44  The 31P{1H} 
NMR spectrum of 8Se shows a singlet at δ 50.1 ppm with selenium satellites, confirming 
the retention of the P=Se bond after deboronation.  The 1JPSe for compound 8Se is 737 Hz. 
 
Figure 3.19 The 11B{1H} NMR spectrum of compound 8Se in (CD3)2CO. 
 
Compound 8Se was crystallised by solvent diffusion (minimum volume of DCM layered 
with petrol).  The formation of a nido-C2B9 cluster is apparent and the retention of the 
P-Ccage bond and the P=Se bond are confirmed with bond lengths of 1.824(2) Å and 
2.1171(6) Å, respectively, Figure 3.20.  The phosphorus atom possessed a distorted 























Figure 3.20 Perspective view of [BTMA][7-P(Se)Ph2-nido-7,8-C2B9H11] (8Se) and 


























3.7.2 1-{P(Se)Ph-(1ʹ-closo-1ʹ,2ʹ-C2B10H11)}-closo-1,2-C2B10H11 (9Se) 
 
The conversion of the carboranylphosphine 9 to the carboranylphosphine selenide 
1-{P(Se)Ph-(1ʹ-closo-1ʹ,2ʹ-C2B10H11)}-closo-1,2-C2B10H11 (9Se) was carried out by the 
addition of excess elemental selenium to a toluene solution of 9.  The solution was heated 
to reflux for 2 days and the product 9Se was isolated in 42% yield as a white solid, Scheme 
3.15. 
 
Scheme 3.15 The reaction of excess elemental selenium and carboranylphosphine 9 at 
toluene reflux to afford 9Se. 
 
Compound 9Se was identified by electron-ionisation mass spectrometry with the 
characteristic heteroborane envelope centred on m/z 473.3, which is consistent with the 
expected molecular weight for C10H27B20PSe.  
 
The 1H NMR spectrum of 9Se displays two integral-1 multiplets and one integral-3 
multiplet between δ 8.30 and 7.49 ppm, which correspond to the five phenyl protons of 
the phenylphosphine substituent.  In addition to these resonances a broad, integral-2 
singlet is observed at δ 4.67 ppm which corresponds to the two Ccage-H protons on the 
two C2B10 cages.  
 
The 11B{1H} NMR spectrum of 9Se displayed six resonances between δ 1.3 
and -12.6 ppm in the ratio of 2:2:4:4:8, corresponding to the twenty boron atoms for both 
the C2B10 cages. The 
31P{1H} NMR spectrum showed a singlet at δ 68.2 ppm with 





Compound 9Se was characterised crystallographically with crystals suitable for single 
crystal X-ray diffraction being grown by slow evaporation of a concentrated petrol 
solution of 9Se.  Compound 9Se crystallises in the P21/n space group with half a molecule 
of 2,3-dimethylbutane co-crystallised in the asymmetric unit, Figure 3.21.  The formation 
of the phosphorus-selenium bond was confirmed in the structure with a bond length of 
2.0845(5) Å.  The Ccage-P bond is lengthened in 9Se [1.900(2) Å] in comparison to VISe 
[1.8869(10) Å]. This can be understood from the increase in steric demand from the 
carborane cage in comparison to the phenyl substituent.   The 1H NMR spectrum of 9 and 
9Se display multiplet resonances in a 1:1:3 ratio, which indicated a lack of symmetry in 
the phenyl substituent.  This was confirmed in the molecular structure of 9Se which 
displays the phenyl substituent lying in the approximate mirror plane of the molecule 
(Se1-P1-C11) resulting in all the protons in the phenyl group being inequivalent.  The 
phosphorus atom has a distorted tetrahedral geometry with bond angles ranging from 
103.87(10)° to 115.56(8)°, Figure 3.21.  The presence of the 2,3-dimethylbutane in the 
molecular structure is indicative of an appropriate cavity size in the lattice to 
accommodate the solvate.  There are three entries of 2,3-dimethylbutane in the Cambridge 
Structure Database but one is only unit cell dimensions with no atomic positions and the 









Figure 3.21 Part of the atom numbering scheme and the perspective view of 
1-{P(Se)Ph-(1ʹ-closo-1ʹ,2ʹ-C2B10H11)}-closo-1,2-C2B10H11 (9Se). The full 





















3.7.3 The Reaction of XII and Elemental Selenium 
 
Elemental selenium was added to a toluene solution of {PPh-(closo-1,2-C2B10H10)}2
43
 
(XII) before being heated to reflux for 3 days, Scheme 3.16.  After analysis via 1H, 
11B{1H} and 31P{1H} NMR spectroscopies, the compound isolated was confirmed to be 








Scheme 3.16 The reaction of excess elemental selenium and carboranylphosphine XII 

















3.7.4 1-P(Se)(H)tBu-closo-1,2-C2B10H11 (XIIISe) 
 
A toluene solution of 1-PtBu2-closo-1,2-C2B10H11 (XIV) was prepared
47 and heated to 
reflux in the presence of excess elemental selenium.  The isolated compound 
1-P(Se)(H)tBu-closo-1,2-C2B10H11 (XIIISe) displayed loss of one tert-butyl group and 
replacement with a H atom.  Compound XIIISe was obtained as a yellow solid in 46% 






Scheme 3.17 Reaction of excess elemental selenium with 1-PtBu2-closo-1,2-C2B10H11 
(XIV) at toluene reflux results in loss of one tert-butyl group to afford 
1-P(Se)(H)tBu-closo-1,2-C2B10H11 (XIIISe). 
 
Compound XIIISe was identified by electron-ionisation mass spectrometry with a 
characteristic heteroborane envelope centred on m/z 312.1, consistent with the expected 
molecular weight of 311.3 g mol-1.  
 
The 1H NMR spectrum of XIIISe displays an integral-1 doublet at δ 6.33 ppm for the 
P-H proton with a 1JPH value of 468 Hz.  In addition to this, a broad singlet with integral-1 
is observed for the Ccage-H at δ 4.75 ppm and an integral-9 doublet at δ 1.43 ppm 
corresponding to the tert-butyl protons. 
 
The 11B{1H} NMR spectrum showed resonances between δ 0.2 and -14.4 ppm in the ratio 
of 1:1:1:1:1:3:1:1.  The 31P{1H} NMR spectrum for XIIISe shows a singlet at δ 58.0 ppm 
with selenium satellites, giving a 1JPSe value of 792 Hz.  The 













Figure 3.22 The 31P NMR spectrum of compound XIIISe, 
1-P(Se)(H)tBu-closo-1,2-C2B10H11. 
 
Compound XIIISe was crystallised by slow evaporation of a concentrated DCM solution 
of XIIISe.  The formation of the phosphorus-selenium bond was confirmed in the 
structure with a bond length of 2.0953(15) Å, Figure 3.23.  The phosphorus atom 










Figure 3.23 Perspective view of 1-P(Se)(H)tBu-closo-1,2-C2B10H11 (XIIISe) and part 













3.7.5 1-P(Se)tBu2-closo-1,2-C2B10H11 (XIVSe) 
 
The loss of the tert-butyl group from compound XIII when subjected to excess selenium 
and toluene at 110°C was postulated to be due to decomposition of XIV or its selenide at 
high temperatures. Work by Krauss and co-workers showed high temperatures are not 
required for selenations, with reactions being trialled at room temperature.48  Excess 
selenium was added to a C6D6 solution of XIV and left at room temperature for 16 days, 
Scheme 3.18.  The conversion to the carboranylphosphine selenide 








Scheme 3.18 Room temperature reaction of excess elemental selenium and 
1-PtBu2-closo-1,2-C2B10H11 (XIV) to afford 
1-P(Se)tBu2-closo-1,2-C2B10H11 (XIVSe). 
 
The 1H NMR spectrum of XIVSe displayed an integral-18 doublet at δ 1.20 ppm 
indicating retention of both tert-butyl groups and a broad, integral-1 singlet for the Ccage-H 
at δ 4.54 ppm. 
 
The 11B{1H} NMR spectrum showed resonances between δ 1.9 and -12.9 ppm, in the 
ratio of 1:1:2:2:2:2.  The 31P{1H} NMR spectrum for XIVSe shows a singlet at 
δ 105.9 ppm with selenium satellites, giving a 1JPSe of 777 Hz.  The 
77Se NMR spectrum 





Figure 3.24 The 77Se NMR spectrum of compound XIVSe in C6D6. 
 
The successful formation of XIVSe from the reaction of XIV and elemental selenium at 
room temperature led to further investigations into the formation of XIIISe from the 
reaction of XVI and elemental selenium at toluene reflux.  It was apparent that the 
formation of XIIISe was either due to the decomposition of XVI at high temperatures 
prior to reaction with elemental selenium or the decomposition of XVISe at high 
temperatures.  Firstly, a toluene solution of compound XVI was heated to reflux for 4 
days.  Spectroscopic analysis of the product revealed that the major product obtained was 
XVI, indicating that XVI was stable at high temperatures.  Secondly, a toluene solution 
of XIVSe was heated to reflux overnight.  Spectroscopic analysis of the reaction mixture 
showed the formation of XIIISe which indicates the instability of the P(V) centre in 
comparison to the P(III) centre.  Therefore, it is speculated that the formation of XIIISe 
results from the initial formation of the carboranylphosphine selenide XVISe followed 












3.7.6 9-P(Se)Ph2-closo-1,7-C2B10H11 (XVSe) 
 
The B-bound carboranylphosphine 9-PPh2-closo-1,7-C2B10H11 (XV) was prepared
9 and 
heated to reflux in toluene in the presence of excess elemental selenium to produce 
9-P(Se)Ph2-closo-1,7-C2B10H11 (XVSe), which was isolated as a white solid in 71% yield, 






Scheme 3.19 Reaction of excess elemental selenium and 9-PPh2-closo-1,7-C2B10H11 
(XV) to afford 9-P(Se)Ph2-closo-1,7-C2B10H11 (XVSe). 
 
Compound XVSe was identified by electron-ionisation mass spectrometry with a 
characteristic heteroborane envelope centred on m/z 408.2, consistent with the expected 
molecular weight of 407.4 g mol-1.  Elemental analysis was in agreement with calculated 
values for the empirical formula C14H21B10PSe. 
 
The 1H NMR spectrum displayed an integral-4 and integral-6 multiplet between 
δ 8.04-7.98 and 7.47-7.43 ppm respectively, corresponding to the ten phenyl protons.  A 
broad singlet at δ 3.13 ppm corresponded to the two equivalent Ccage-H protons.  In the 
11B{1H} NMR spectrum the resonances between δ -3.4 and -16.3 ppm account for all ten 
boron atoms within the cage and are seen in a 1:1:2:1:1:2:2 ratio. 
 
The 31P{1H} NMR spectrum of the B-bound carboranylphosphine XVSe showed a quartet 
centred on δ 3.8 ppm with selenium satellites, Figure 3.25.  The complexity of the 
phosphorus-selenium coupled resonance in the 31P{1H} spectrum led to recording the 77Se 





Figure 3.25 The 31P{1H} NMR spectrum of compound XVSe, 
9-P(Se)Ph2-closo-1,7-C2B10H11, in C6D6. 
 
The 77Se NMR spectrum of XVSe showed a doublet and confirmed the one-bond 
phosphorus selenium coupling of 704 Hz for compound XVSe, Figure 3.26. 
 
 
Figure 3.26 The 77Se NMR spectrum of compound XVSe, 
9-P(Se)Ph2-closo-1,7-C2B10H11 in C6D6. 
 
Crystals suitable for single crystal X-ray diffraction were grown by slow evaporation of 
a concentrated DCM solution of XVSe.  The cage carbon vertices were identified via the 
VCD method49 and the retention of the attachment of the PPh2 unit on B(9) was apparent, 
Figure 3.27.  The formation of the phosphorus-selenium bond was confirmed in the 
structure with a bond length of 2.1196(5) Å being observed.  The phosphorus atom 




113.20(7)° with the smallest angle being between the two phenyl substituents 
(C1A-P1-C1B).   The P1-B9 bond length is 1.937(2) Å which is shorter than that of the 










Figure 3.27 Perspective view of 9-P(Se)Ph2-closo-1,7-C2B10H11 (XVSe) and part of 




























3.7.7 The Reaction of XVI and Elemental Selenium 
 
Elemental selenium was added to a toluene solution of 
1-{PPh-(1ʹ-closo-1ʹ-Me-1ʹ,2ʹ-C2B10H10)}-2-Me-closo-1,2-C2B10H10 (XVI)
43 before 
being heated to reflux for 6 days, Scheme 3.20.  After analysis via 1H, 11B{1H} and 
31P{1H} NMR spectroscopies, the compound isolated was confirmed to be unreacted 
starting material, XVI.  
 
Scheme 3.20 The reaction of excess elemental selenium and carboranylphosphine XVI 





















It was concluded in Section 3.5 that the ability to significantly tune the basicity of a 
carboranylphosphine was not possible through C-bound substitution on the second carbon 
vertex of the cage.  In this study the ability to alter the basicity of the carboranylphosphine 
was investigated further through; (a) altering the substituents directly at the phosphorus 
centre, (b) modifications of the structure of the carborane cage and (c) altering the vertex 
of substitution, Figure 3.28.  Following the synthesis of the corresponding 
carboranylphosphine selenide and measurement of the 1JPSe for each species the basicity 
of the parent carboranylphosphines was ranked. 
 
Figure 3.28 A series of carboranylphosphines with modification (a) at the phosphorus 
centre, (b) of the structure carborane cage and (c) to the vertex of 











3.8.2 Phosphorus Substituent Effects 
 
The influence on the Lewis basicity of carboranylphosphines was investigated by altering 
the substituents directly bonded to the phosphorus centre through the comparison of 1JPSe 
values for the selenides of the diphenyl- and ditert-butylphosphine carboranes VISe 
(1-PPh2-closo-1,2-C2B10H11) and XIV (1-P
tBu2-closo-1,2-C2B10H11).
47  The exchange of 
the weakly electron-withdrawing Ph substituents for strongly electron-donating tBu 
substituents causes an increase in basicity at the phosphine centre which can be seen 
through the decrease in the 1JPSe
 value from the comparison of the carboranylphosphine 
selenides VISe (799 Hz) and XIVSe (777 Hz), Table 3.3.  The reaction between XIV and 
elemental selenium at toluene reflux promoted the loss of one tert-butyl substituent and 
its replacement with H to produce compound XIIISe.  The 1JPSe for XIIISe is 792 Hz 
which is similar to analogous secondary carboranylphosphine selenides reported by 
Wrackmeyer et al. when the R group is Cy or iPr (805 and 799 Hz respectively).50  These 
compounds were formed by decomposition of a dimeric species when heated in toluene.50   
Therefore, changing the substituents directly bonded to the phosphorus centre has more 
impact on the Lewis basicity than C-bound substitution at the second carbon vertex of a 
carborane cage. 
 
Entry (Carboranyl)phosphine 1JPSe (Hz) 
XV 9-PPh2-closo-1,7-C2B10H11 704 
VIII PPh3 729 
8 [BTMA][7-PPh2-nido-7,8-C2B9H11] 737 
XIV 1-PtBu2-closo-1,2-C2B10H11 777 
XIII 1-PHtBu-closo-1,2-C2B10H11 792 
VI 1-PPh2-closo-1,2-C2B10H11 799 
9 1-{PPh-(1ʹ-closo-1ʹ,2ʹ-C2B10H11)}-closo-1,2-C2B10H11 846 
XVII µ-2,2ʹ-PPh-{1-(1ʹ-closo-1ʹ,2ʹ-C2B10H10)-closo-1,2-C2B10H10} 891  
XII {PPh-(closo-1,2-C2B10H10)}2 - 
XVI 1-{PPh-(1ʹ-closo-1ʹ-Me-1ʹ,2ʹ-C2B10H10)}-2-Me-closo-1,2-C2B10H10 - 
 
Table 3.3 The 1JPSe values for the carboranylphosphine selenides (VISe, XIIISe, 
XIVSe, XVSe, 8Se and 9Se) and the previously reported 





Following these results, it was of interest to investigate the consequence of having two 
C-bound carborane cages at the phosphorus centre.  This was achieved through the 
formation of 1-{PPh-(1ʹ-closo-1ʹ,2ʹ-C2B10H11)}-closo-1,2-C2B10H11 (9) and its 
corresponding carboranylphosphine selenide (9Se).  The 1JPSe value for 9Se is 846 Hz, a 
significant increase in comparison to the selenide of the single carborane cage substituted 
diphenylphosphine, 1-P(Se)Ph2-closo-1,2-C2B10H11 (VISe, 799 Hz).  Therefore, 9 is more 
weakly Lewis basic in comparison to VI.  The decrease in Lewis basicity at the 
carboranylphosphine centre is clearly caused by the two strongly electron-withdrawing 
C-bound carborane cages.  The significant increase in 1JPSe and decrease in Lewis basicity 
is consistent with the previously discussed alteration from PPh3 (VIII, 729 Hz)
40 to 
1-PPh2-closo-1,7-C2B10H11 (IV, 797 Hz), through exchange of a Ph group with a C-bound 
C2B10 substituent.  Therefore, an increase in basicity is observed in the order 
9 < VI < VIII. 
 
It was reported in Section 3.5 that C-bound substitutions on the C2B10 cage had a 
negligible effect on the Lewis basicity of the phosphine.  This hypothesis could be further 
explored by the comparison between 1-{PPh-(1ʹ-closo-1ʹ-Me-1ʹ,2ʹ-C2B10H10)}-2-Me-
closo-1,2-C2B10H10, XVI,
43 and 9.   However, the reaction of elemental selenium and XVI 
at toluene reflux led to only starting material being recovered suggesting that XVI was 
too sterically hindered to form the desired carboranylphosphine selenide.  The steric bulk 
at the phosphorus centre was evaluated via percentage buried volume (%VBur).
51, 52  The 
%VBur for XVI was calculated from the crystal structure
53 to be 52.2%, significantly 
larger than that of VI,35 35.2%.  This is an evaluation of the steric bulk in the solid-state, 
however, it is believed that the steric rigidity of XVI is maintained in solution.  The 1H 
NMR spectrum reported for XVI quotes the resonance associated with the phenyl 
substituent protons at the phosphorus centre as (m, 5H, C6H5) at δ 7.62 ppm.
43  XVI was 
prepared43 and spectroscopic analysis revealed that the resonances associated with the 
phenyl substituent protons were in fact an integral-1 multiplet between δ 8.06-8.02 ppm, 
an integral-3 multiplet between δ 7.65-7.53 ppm and an integral-1 multiplet between 
δ 7.46-7.40 ppm (recorded in CDCl3).  The 
1H NMR spectrum of the non-methylated 
derivative, compound 9, has a similar 1:3:1 ratio for the resonances allocated to the phenyl 
substituent protons.  The spectroscopic analysis suggests that the phenyl substituent in 
compounds XVI and 9 is not freely rotating.  The lack of free-rotation of the phenyl 




geometry for XVI which indicated rotation of the phenyl substituent about the P-Ph bond 






Figure 3.29 The space fill representation of XVI with the Ph group orientated to 
maximise overlap with the carborane cage. The structures were calculated 
using Jaguar54 by Dr N. Fey and D. Durand at the University of Bristol. 
 
The lack of P-Ph bond rotation and the %VBur support the idea that steric bulk at the 
phosphorus centre in XVI prevented the formation of the corresponding 
carboranylphosphine selenide.  In the case of 9, the non-methylated derivative, the 
reduced steric crowding at the phosphorus centre provided the opportunity for 9 to react 
with elemental selenium to form 9Se.  From previous discussions we would speculate 
that compound XVISe would have a similar 1JPSe value to 9Se, and therefore the parent 
,carboranylphosphine, similar Lewis basicity to 9.  This is discussed further in Section 
3.11.  However, it should be noted that because the phosphorus centre in XVI is more 
protected it is likely that XVI could react differently in FLP catalysis. 
 
The additive effects of multiple C2B10 substitutions is clear in the above comparisons.  
This is further enhanced by the report of a carboranylphosphine by Riley et al. which 
involves a 1,1ʹ-bis(ortho-carborane) substituent chelating a {PPh} fragment to form 
µ-2,2ʹ-PPh-{1-(1ʹ-closo-1ʹ,2ʹ-C2B10H10)-closo-1,2-C2B10H10}, XVII.
19  The 
corresponding carboranylphosphine selenide (XVIISe) was also reported and the 1JPSe 
was 891 Hz, Table 3.3.19  The effect of having two C-bound carborane cages is clearly 
evident, and in this case the C-C linkage between the two C-bound carborane cages 
decreases the Lewis basicity at the phosphorus centre further.  In compound XVII the 
angle at the phosphorus atom between the 1,1-bis(ortho-carborane) substituent is 




atom between the two unlinked carborane cage substituents, for example in compound 
XVI (which can be used as a substitute due to no available crystal structure for 9), is 
significantly wider [C21-P-C1 = 108.6(2)°]  than in XVII, Figure 3.30.  The decrease in 
basicity observed from 9 to XVII can be understood through the rehybridisation of the 
phosphorus atomic orbitals, which include more p character in the P-C bonds as the angle 
decreases towards 90°.  Therefore, there is an increase in the amount of s character in the 
orbital occupied by the phosphorus lone pair.  This increase in s character in turn increases 
the 1JPSe, which is apparent in the comparison of compounds 9Se (
1JPSe = 846 Hz) and 
XVII (1JPSe = 891 Hz), Table 3.3.  The increase in s character in the phosphorus lone pair 
can also be observed experimentally through the shortening of the P=Se bond length in 













Figure 3.30 Partial molecular structures and diagrams of carboranylphosphine XVI 


















3.8.3 Carborane Structural Change from Closo to Nido 
 
Carborane cages can be readily deboronated using alkoxides.8  However, this route is not 
appropriate for carboranylphosphines because it leads to cleavage of the Ccage-P bond.
43  
Alternative routes using piperidine allowed for the deboronation of carboranylphosphines 
whilst retaining the Ccage-P bond.
43  The anionic nature of nido-carboranylphosphines was 
of interest to this study, due to the possible influence of the net negative charge on the 
Lewis basicity of the phosphine.  To the best of our knowledge, there have been no reports 
of nido-carboranylphosphine selenides.  In this work we explored two possible routes to 
such species; (i) the reaction of elemental selenium with a nido-carboranylphosphine and 
(ii) the deboronation of a carboranylphosphine selenide. 
 
Firstly, the nido-carboranylphosphine [BTMA][7-PPh2-nido-7,8-C2B9H11] (8), which 
was fully characterised in this study, was heated at toluene reflux in the presence of excess 
elemental selenium.  From spectroscopic analysis of the reaction mixture it was apparent 
that there was no formation of the desired nido-carboranylphosphine selenide and instead 
decomposition of 8 was observed.  Therefore, the alternative route was trialled with the 
deboronation of the closo-carboranylphosphine selenide VISe, 
1-P(Se)Ph2-closo-1,2-C2B10H11, using piperidine.  This route was successful and 
[BTMA][7-P(Se)Ph2-nido-7,8-C2B9H11] (8Se) was isolated. 
 
Comparison of the closo-carboranylphosphine selenide (VISe) and the 
nido-carboranylphosphine selenide (8Se) showed a smaller 1JPSe value of 737 Hz for 8Se 
vs. that of the closo-derivative VISe (799 Hz), Table 3.3.  Therefore, an increase in Lewis 
basicity is observed from the parent closo-carboranylphosphine VI to the 
nido-carboranylphosphine 8, which is due to either the emergence of an anionic charge 









3.8.4 Changes to the Vertex of Substitution 
 
Spokoyny et al. report the formation of B-bound carboranylphosphines through the cross 
coupling of 9-I-closo-1,7-C2B10H11 and HPR2 in the presence of a palladium catalyst.
9  
The boron vertices which are positioned the furthest distance from the relatively 
electronegative carbon vertices are the most electron rich relative to the other boron 
vertices within the carborane cage.  This phenomenon was shown by Spokoyny et al. 
through the ability of the B-bound carboranylphosphine, 9-PPh2-closo-1,7-C2B10H11 
(XV), to displace the COD ligand from Pt(COD)Cl2 while the C-bound 
carboranylphosphine, 1-PPh2-closo-1,7-C2B10H11 (IV) was unreactive.
9  Spokoyny et al. 
concluded that the successful coordination of XV was due to an increased basicity of the 
phosphine in comparison to that of its positional, C-bound isomer IV.9  To rank the 
increased Lewis basicity of XV in comparison to IV the corresponding 
carboranylphosphine selenide was formed, 9-P(Se)Ph2-closo-1,7-C2B10H11 (XVSe).  The 
1JPSe for XVSe is 704 Hz, which is the lowest 
1JPSe reported in this study and therefore 
XV is ranked as the most Lewis basic carboranylphosphine, Table 3.3.  These results 
demonstrate the tuneability of the Lewis basicity of carboranylphosphines through either 



















In this study a series of carboranylphosphines were synthesised to investigate the 
tuneability of their Lewis basicity.  This was investigated through; (a) altering the 
substituents directly at the phosphorus centre, (b) modifications of the structure of the 
carborane cage and (c) altering the vertex of substitution.  Following the synthesis of the 
corresponding carboranylphosphine selenides and obtaining the 1JPSe for each species the 
basicities of the series of carboranylphosphines were ranked accordingly. 
 
Firstly, the 1JPSe for a carboranylphosphine selenide bearing two phenyl groups (VISe, 
1JPSe = 799 Hz) is greater than the 
1JPSe for a carboranylphosphine selenide with two 
tert-butyl groups (XIVSe, 1JPSe = 777 Hz), Table 3.3.  This indicates that the Lewis 
basicity of the parent carboranylphosphine XIV is greater than that of VI.  The reaction 
of XIV with elemental selenium at toluene reflux led to the loss of one tert-butyl 
substituent and formation of 1-P(Se)(H)tBu-closo-1,2-C2B10H11 (XIISe) which has 
1JPSe 
of 792 Hz. 
 
It can be concluded that the substituents directly bonded to the phosphorus centre have a 
direct influence on the Lewis basicity of the phosphine.  This can also be seen in the case 
when two C-bound C2B10 substituents are directly attached to the phosphorus centre in 
the case of compound 9.  The significant increase of the 1JPSe due to substitution of a Ph 
substituent for a C-bound carborane cage is apparent in the comparison of VIIISe, VISe 
and 9Se (729 Hz, 799 Hz and 846 Hz respectively), Table 3.3.  Therefore, the Lewis 
basicity of a carboranylphosphine decreases upon addition of C-bound C2B10 cages.  The 
linkage of two carborane substituents via a C-C bond in the case of the 
1,1ʹ-bis(ortho-carborane) substituent in the carboranylphosphine selenide XVIISe caused 
a further increase in 1JPSe (891 Hz)
19 in comparison to the unlinked analogue 9Se 
(846 Hz).  The attempted reaction of XII and XVI with elemental selenium did not lead 
to the desired carboranylphosphine selenides and instead only the respective 





Secondly, the modification of the cage architecture from closo- to 
nido-carboranylphosphine resulted in a decrease in the 1JPSe for the 
nido-carboranylphosphine selenide (8Se, 1JPSe = 737 Hz) in comparison to the 
closo-carboranylphosphine selenide (VISe, 1JPSe = 799 Hz), Table 3.3.  Therefore, an 
increase in Lewis basicity is seen from VI to 8.  This is speculated to either be due to the 
anionic charge possessed by the nido-carboranylphosphine or from the change in cage 
architecture from a C2B10 to a C2B9 scaffold. This will be further discussed in Section 
3.11. 
 
Thirdly, the vertex to which the phosphine is appended on the carborane impacts on the 
Lewis basicities, with B-bound carboranylphosphines exhibiting a higher Lewis basicity 
than their C-bound, positional isomers. The comparison of 1JPSe values for the 
corresponding carboranylphosphine selenides for the B-bound (XVSe, 1JPSe = 704 Hz) 
and C-bound species (IVSe, 1JPSe = 797 Hz) show an increase in 
1JPSe, Table 3.3.  These 
results are in agreement with work reported by Spokoyny et al. which showed that a 
phosphine which is B-bound to a carborane cage has an increased reactivity towards 
coordination to a metal complex than a phosphine which is C-bound to a carborane cage.9 
 
In conclusion, the ability to tune the Lewis basicity of a carboranylphosphine is possible 
through either; (a) altering the substituents directly at the phosphorus centre, (b) 
modification of the structure of the carborane cage or (c) most significantly by altering 







Figure 3.31 The series of compounds representing the tuneability possible for 
carboranylphosphines.  The 1JPSe values for the carboranylphosphine 














3.9  Ranking the Basicity of Carboranylphosphines based upon 1JPSe 
 
In FLP chemistry the strength of the Lewis acid and Lewis base components are a crucial 
factor in predicting whether the FLP will act as a successful catalyst.10  As covered in 
Chapter 2, the strength of Lewis acid components are readily obtained and quoted as an 
Acceptor Number (AN).11  The AN can then be used to compare the relative Lewis acid 
strengths, and in most cases is compared to the frequently used, highly Lewis acidic 
B(C6F5)3.
55  However, for the case of the Lewis base component in FLP chemistry the 
relative Lewis basicities are not as frequently quoted.  Therefore, the ranking of the 
strengths of various Lewis base components is not widely accessible.   
 
The relative Lewis base strength of various phosphines and carboranylphosphines were 
obtained through the formation of the corresponding phosphine selenides and 
carboranylphosphine selenides and comparison of the respective 1JPSe values.  In this 
work the relative strengths of these phosphine and carboranylphosphines can be 
compared and ranked to aid catalyst design in FLP chemistry and to gain an insight into 
the tuneability of the carborane cage as a scaffold for an FLP catalyst.  These results are 
summarised in Table 3.4 and show XV as the species with the highest Lewis basicity and 
XVII as a very weakly basic carboranylphosphine. 
 
Following these results it was in the interest of this study to speculate whether the 1JPSe 
value could be predicted for systematic changes to phosphines, such as the exchange of a 
Ph group for a C-bound C2B10 cage.  It is apparent from the results obtained in this study 
that the increase or decrease in 1JPSe can be predicted, but the exact magnitude is not 
always possible.  For example, the exchange of a Ph substituent for a C-bound C2B10 cage 
in PPh3 (VIII) to give 1-PPh2-closo-1,2-C2B10H11 (VI) results in the increase of the 
1JPSe 
for VIIISe from 729 Hz40 to 799 Hz for VISe, giving a difference of 70 Hz, Table 3.4.  
In the next successive exchange, the comparison of VISe and compound 9Se (which now 
has one phenyl substituent and two ortho-carborane substituents) shows a difference of 
47 Hz.  Another example of successive changes can be seen with the following phosphine 
selenides, SePCy2Ph (
1JPSe = 701 Hz) and SePCyPh2 (
1JPSe = 725 Hz), which show an 
increase in 1JPSe of 24 Hz.
40  In contrast, minor differences in 1JPSe values are observed 
for SePPh3 (
1JPSe = 729 Hz) and SePCyPh2 (
1JPSe = 725 Hz).




changes of substituents on phosphines do not necessarily result in cumulative changes in 
1JPSe.  Nevertheless, the directional change in 
1JPSe and an estimated range can be 
predicted. 
 
Entry (Carboranyl)phosphine 1JPSe (Hz) 
XV 9-PPh2-closo-1,7-C2B10H11 704 
VIII PPh3 729 
8 [BTMA][7-PPh2-nido-7,8-C2B9H11] 737 
V PPh2(C6F5) 776 
XIV 1-PtBu2-closo-1,2-C2B10H11 777 
XIII 1-PHtBu-closo-1,2-C2B10H11 792 
IV 1-PPh2-closo-1,7-C2B10H11 797 
VI 1-PPh2-closo-1,2-C2B10H11 799 
6 1-(1ʹ-closo-1ʹ,7ʹ-C2B10H11)-7-PPh2-closo-1,7-C2B10H10 802 
7                                                                                                                                         1-(1ʹ-7ʹ-PPh2-closo-1ʹ,7ʹ-C2B10H10)-7-PPh2-closo-1,7-C2B10H10 802
IX 1-PPh2-2-Me-closo-1,2-C2B10H10 804  
VII 1-PPh2-7-PPh2-closo-1,7-C2B10H10 804 
XI 1-PPh2-2-PPh2-closo-1,2-C2B10H10 807 
X 1-PPh2-2-Ph-closo-1,2-C2B10H10 812  
9 1-{PPh-(1ʹ-closo-1ʹ,2ʹ-C2B10H11)}-2-closo-1,2-C2B10H11 846 
XVII µ-2,2ʹ-PPh-{1-(1ʹ-closo-1ʹ,2ʹ-C2B10H10)-closo-1,2-C2B10H10} 891  
 
Table 3.4 The rank order of decreasing Lewis basicity of the phosphines and 
carboranylphosphines studied in this work in addition to those previously 






In small molecule activation carried out by FLP catalysts, there is a need for Lewis base 
components of varying strengths.  For example, work by Paradies and co-workers showed 
that the weakly basic phosphine PPh2(C6F5) can activate dihydrogen at low temperatures 
when in combination with B(C6F5)3.
56  Therefore, the results from this work show that 
obtaining the 1JPSe value for PPh2(C6F5) (VSe) and ranking the relative basicities of a 
variety of carboranylphosphines is advantageous for selecting compounds of similar 























3.10 The Relationship between 1JPSe and the P=Se Bond Length 
 
The one-bond spin-spin phosphorus selenium coupling constant (1JPSe) is dependent on 
the degree of s character in the phosphorus lone pair of the parent.14  When 
electro-withdrawing substituents are attached to the phosphorus atom a higher degree of 
s character is apparent in the phosphorus lone pair, leading to a greater 1JPSe value.
14  
Consequently, the greater degree of s character at the phosphorus atom should also be 
observed as a shortening of the P=Se bond length. 
 
From analysis of the P=Se bond lengths for the carboranylphosphines selenides in this 
study, it is apparent that the compounds which have similar 1JPSe values (~800 Hz) have 
similar P=Se bond lengths, Table 3.5.  It is also apparent that the compounds which are 
more Lewis basic, for example XV and 8, produce carboranylphosphine selenides with 
longer P=Se bond lengths [2.1196(5) Å, XVSe and 2.1171(6) Å, 8Se] and smaller 1JPSe 
values (704 Hz and 737 Hz, respectively).  The trend continues in the opposite manner 
for the weakly basic carboranylphosphines, which produce carboranylphosphine 
selenides with larger 1JPSe values, for example 9Se and XVIISe with 
1JPSe
 values of 




















XV 9-PPh2-closo-1,7-C2B10H11 704 2.1196(5) 
VIII PPh3 729 2.112 
8 [BTMA][7-PPh2-nido-7,8-C2B9H11] 737 2.1171(6) 
V PPh2(C6F5) 776 2.1047(3) 
XIV 1-PtBu2-closo-1,2-C2B10H11 777 - 
XIII 1-PHtBu-closo-1,2-C2B10H11 792 2.0953(15) 
IV 1-PPh2-closo-1,7-C2B10H11 797 
2.1018(6) & 
2.1054(6) 
VI 1-PPh2-closo-1,2-C2B10H11 799 2.1037(3) 





IX 1-PPh2-2-Me-closo-1,2-C2B10H10 804  - 
VII 1-PPh2-7-PPh2-closo-1,7-C2B10H10 804 
2.0957(4) & 
2.0988(3) 
XI 1-PPh2-2-PPh2-closo-1,2-C2B10H10 807 2.0982(18) 
X 1-PPh2-2-Ph-closo-1,2-C2B10H10 812  - 
9 1-{PPh-(1ʹ-closo-1ʹ,2ʹ-C2B10H11)}-closo-1,2-C2B10H11 846 2.0845(5) 
XVII µ-2,2ʹ-PPh-{1-(1ʹ-closo-1ʹ,2ʹ-C2B10H10)-closo-1,2-C2B10H10}  891  2.0798(6) 
 
Table 3.5 The 1JPSe values and the P=Se bond lengths for the phosphines selenides and 
carboranylphosphine selenides from this work and those previously reported 
are underlined.16, 19, 57 
 
In Graph 3.1, the phosphine selenides and carboranylphosphine selenides isolated in this 
study have been combined with those reported in the literature.16, 19, 57  These results 








Graph 3.1 The 1JPSe values and the P=Se bond lengths for the phosphines selenides and 
carboranylphosphine selenides from this work and those previously reported 
are underlined.16, 19, 57  Error bars represent a ± 5 Hz in 1JPSe and ± three 




















































3.11 The Relationship between 1JPSe and (Computed) Proton Affinity 
 
The one-bond spin-spin phosphorus selenium coupling constant (1JPSe) obtained from 
each compound in the series of carboranylphosphine selenides was shown in this work to 
be an appropriate experimental tool for ranking the relative Lewis basicities of a series of 
carboranylphosphines.  In addition, the opportunity to compare the basicities of these 
carboranylphosphines with widely used phosphines was also achieved.  However, it was 
not always possible to obtain the 1JPSe for the desired carboranylphosphine due to 
stability, steric hindrance or the expense of the material.  Therefore, it was of interest to 
explore computed proton affinities (PAs) in ranking of Lewis basicities of 
carboranylphosphines.   
 
In the gas phase, protonation of a species is invariably exothermic.58  Proton affinity is 
defined as the energy released upon addition of a proton and so is the negative of the 
enthalpy change for the reaction between a chemical species and a proton in the gas 
phase.58  PA has been used to gauge the ‘strength’ of Lewis base components in FLPs due 
to the widespread use of FLPs in heterolytic dihydrogen activation.10  The Lewis basicity 
of a compound and the PA can be viewed as similar concepts with both giving an 
indication of the reactivity of the basic site towards a Lewis acid or a proton.  Therefore, 
highly Lewis basic compounds have large PA values.   
 
The computed PA values for carboranylphosphines could be used to rank the Lewis 
basicities of the species, including those which were not obtainable from reactions with 
elemental selenium.  To the best of our knowledge, there have been no reports focussed 
on the relationship between the PA and 1JPSe.  The correlation between experimental 
1JPSe 
values and the pKb values for a series of phosphines has already been established by Kunz 
et al.15  Therefore, it is of interest in this study to compare the trends observed for both 
experimental 1JPSe values and computed PA values for the series of carboranylphosphines.  
The calculations were carried out by Dr N. Fey and D. Durand at the University of Bristol.  











XV* 9-PPh2-closo-1,7-C2B10H11 704 280.3 
8* [7-PPh2-nido-7,8-C2B9H11]- 737 279.9 
8H 7-PPh2-nido-7,8-C2B9H12 - 269.6 
V PPh2(C6F5) 776 270.4 
XIV* 1-PtBu2-closo-1,2-C2B10H11  777 274.0 
XIII* 1-PHtBu-closo-1,2-C2B10H11 792 262.6 
IV* 1-PPh2-closo-1,7-C2B10H11 797 269.0 
VI* 1-PPh2-closo-1,2-C2B10H11 799 265.3 
6* 1-(1ʹ-closo-1ʹ,7ʹ-C2B10H11)-7-PPh2-closo-1,7-C2B10H10 802 268.4 
7 1-(1ʹ-7ʹ-PPh2-closo-1ʹ,7ʹ-C2B10H10)-7-PPh2-closo-1,7-C2B10H10 802 267.2 
IX* 1-PPh2-2-Me-closo-1,2-C2B10H10 804  265.0 
VII 1-PPh2-7-PPh2-closo-1,7-C2B10H10 804 268.9 
XI* 1-PPh2-2-PPh2-closo-1,2-C2B10H10 807 265.5 
X* 1-PPh2-2-Ph-closo-1,2-C2B10H10 812  266.6 





XVII* µ-2,2ʹ-PPh-{1-(1ʹ-closo-1ʹ,2ʹ-C2B10H10)-closo-1,2-C2B10H10} 891  248.8 
XVIII 1-PPh2-closo-1,12-C2B10H11 - 270.3 
 
Table 3.6 DFT-calculated solvated proton affinities (kcal mol-1) of 
(carboranyl)phosphines and the experimental 1JPSe values from corresponding 
(carboranyl)phosphine selenides. Reported 1JPSe values are underlined
16, 19 




All proton affinities calculated were solvation-corrected potential energies and used the 
Jaguar 8.5 package54 and the Becke-Perdew (BP86) density functional.59-63  The 6-31G* 
basis set was used for all atoms, along with the polarisable continuum model (PCM) as 
implemented in Jaguar, using ethanol as the solvent.64  In the series of 
carboranylphosphines it was concluded that the strongest Lewis base was the B-bound 
carboranylphosphine XV with the carboranylphosphine selenide (XVSe) giving the 
lowest 1JPSe of 704 Hz.  The calculated solvated PA for XV is 280.3 kcal mol
-1 and is in 
agreement with the experimental 1JPSe value that XV is the strongest Lewis base in the 
series, Table 3.6.  The solvated PA and 1JPSe value were also in agreement for the weakest 
Lewis base in the carboranylphosphine series, compound µ-2,2ʹ-PPh-{1-(1ʹ-closo-1ʹ,2ʹ-
C2B10H10)-closo-1,2-C2B10H10} (XVII), which produced the lowest solvated PA value at 
248.8 kcal mol-1, with its respective selenide (XVIISe) displaying the largest 1JPSe of the 
series (891 Hz).19   
 
The comparison of the ortho- and meta-isomers, 1-PPh2-closo-1,2-C2B10H11 (VI) and 
1-PPh2-closo-1,7-C2B10H11 (IV) shows minor variations in the solvated PA values (268.3 
and 269.0 kcal mol-1, respectively) which are in agreement with the minor difference in 
the 1JPSe values (799 and 797 Hz respectively) for the respective carboranylphosphine 
selenides (VISe and IVSe).  The plot of experimental 1JPSe values vs. solvated PA values 
















Graph 3.2 The experimental 1JPSe values (Hz) and the calculated solvated proton 
affinities (kcal mol-1). Values plotted are those denoted with * in Table 3.6. 
 
The solvated PA values plotted are for single protonation of the carboranylphosphine, 
therefore these are only directly comparable with carboranylphosphine selenides with 
single P=Se entities (all entries denoted with * in Table 3.6 are plotted in Graph 3.2).  In 
Graph 3.2 there is a reasonable correlation between the solvated proton affinities and the 
experimental 1JPSe values, with linear regression giving R
2 = 0.864.  The inverse 
relationship between the experimental 1JPSe values and the calculated PA values is still 
apparent and therefore solvated proton affinities can be used to aid in ranking the 
basicities of the corresponding carboranylphosphines.  This is particularly useful in cases 
where the corresponding selenide was not attainable and the solvated PA can be used to 
assist in the ranking of the basicity of the carboranylphosphine.  For example, the PA was 
calculated for the compound 1-{PPh-(1ʹ-closo-1ʹ-Me-1ʹ,2ʹ-C2B10H10)}-2-Me-closo-1,2-
C2B10H10 (XVI) to be 249.4 kcal mol
-1 which indicates that XVI is weakly basic.  The 
corresponding selenide of XVI was not obtained presumably due to steric hindrance 
around the phosphorus atom (%VBur = 52.2%) preventing reaction with selenium.  It is 















(248.9 kcal mol-1) are very similar.  These values reinforce the finding in Section 3.5 that 
any C-bound substitution to the second carbon vertex on the carborane cage has negligible 
effect on the Lewis basicity of the carboranylphosphine. 
 
Previously it was found that modification of the cage architecture from a closo- to a 
nido-carboranylphosphine selenide caused a decrease in the 1JPSe value (VISe = 799 Hz 
and 8Se = 737 Hz respectively).  Therefore, an increase in Lewis basicity is expected 
from VI to 8.  It was speculated that this increase in basicity was either due to the 
introduction of an anionic charge possessed by the nido-carboranylphosphine or from the 
change in cage architecture from a C2B10 to a C2B9 scaffold.  The solvated PA for the 
neutral C2B9 species 7-PPh2-nido-7,8-C2B9H12 (8H), which possesses an additional 
bridging proton on the open face, was found to be 269.6 kcal mol-1, Figure 3.32.  From 
comparison of the PA values for 8H with the other carboranylphosphines in the series, it 
is apparent that carboranylphosphines with similar PA values to 8H have 1JPSe values of 
ca. 800 Hz, Table 3.6.  The 1JPSe value for the anionic compound 8, 
[7-PPh2-nido-7,8-C2B9H11]
-, is considerable lower (by ca. 60 Hz) which indicates that the 
anionic charge possessed by 8 is responsible for the increase in basicity and not the C2B9 















3.12 Chapter Summary 
                                          
In this chapter four novel carboranylphosphines (6, 7, 8 and 9) were synthesised and fully 
characterised.  In addition to this, the adapted synthesis of IV allowed for isolation in 
improved yields and crystallographic characterisation.  Eleven new compounds, 
including a phosphine selenide (VSe) and carboranylphosphine selenides (IVSe, VISe, 
VIISe2, 6Se, 7Se2, XIIISe, XIVSe, 8Se, XVSe and 9Se) have been synthesised and fully 
characterised. 
 
The ability to rank the strengths of the Lewis base components of an FLP is a crucial 
factor in choosing the correct FLP for successful catalysis.  The work in this chapter has 
demonstrated that obtaining the 1JPSe value for the corresponding phosphine or 
carboranylphosphine selenide can be used to rank the Lewis basicity of the parent 
phosphine and carboranylphosphine for selection of potential Lewis base FLP 
components.  
 
The work in this study agreed with earlier reports that C-bound C2B10 cages are strongly 
electron-withdrawing. Through analysis of the 1JPSe values it was established that a 
C-bound C2B10 cage has a greater electron-withdrawing capability than a C6F5 substituent 
via comparison of the 1JPSe values for VSe and IVSe.  Therefore, phosphines bearing 
C-bound C2B10 cages have the potential to be used in catalytic reactions that have 
benefited from the weakly basic phosphine PPh2(C6F5). 
 
The tuneability of carboranylphosphines was tested for the first time by formation of the 
corresponding carboranylphosphine selenides and comparison of the 1JPSe values for 
cases of (a) C-bound cage substitutions, (b) varying substituents at the phosphine centre, 
(c) structural cage modifications and (d) varying the vertex to which the phosphine is 
substituted.  For the case of C-bound cage substitutions it was found that the Lewis 
basicity of the phosphine was unaffected by any secondary substitution to the cage, even 
in cases where secondary substitution was a strongly electron-withdrawing C2B10 cage (6 
and 7).  Structural modification to the Lewis acid and Lewis base centres in FLPs alters 




that structural modifications to the carborane cage through substitutions at the second 
carbon vertex of the cage have minor effects on the Lewis basicity of the phosphine 
centre.  Therefore, the use of this series of carboranylphosphines in FLP chemistry is 
beneficial in cases where similar basicities are required (1JPSe = ca. 800 Hz) but different 
structural features are necessary for catalysis, for example different substrate interactions 
and cavities sizes. 
 
The ability to tune the Lewis basicity of a series of carboranylphosphines was possible 
for the cases (b)-(d) which showed an increase in basicity through switching the 
phosphine substituents to electron-donating tert-butyl substituents, through conversion to 
an anionic nido-carboranylphosphine or by attachment of the phosphine substituent to 
electron-donating boron vertices.  The Lewis basicity could also be reduced through 
further addition of a C-bound C2B10 cage directly to the phosphine centre, as in the case 
of 9.  In small molecule activation carried out by FLP catalysts, there is a need for Lewis 
base components of varying strengths.  For the case of newly synthesised Lewis acids, 
the Acceptor Number (AN) is now frequently quoted to provide an indication of the 
strength of the Lewis acid.  This study has demonstrated that the 1JPSe values of a series 
of carboranylphosphine selenides has given an insight into the impact on the Lewis 
basicity of the parent carboranylphosphines in the cases of (b) through to (d).  This has 
then allowed for the ranking of the relative Lewis basicities of the series of 
carboranylphosphines.   
 
In this work it was established that there was a reasonable correlation between the 
solvated proton affinity and the experimental 1JPSe, with an inverse relationship being 
established between the two values.  In cases where the carboranylphosphine selenide 
was not attainable the solvated PA value was used as a surrogate to aid in the ranking of 
the Lewis basicity.   
 
This series of carboranylphosphine selenides has a large range of 1JPSe values (704 Hz to 
846 Hz) and therefore, a large range of Lewis basicities for the parent 
carboranylphosphines, which could be beneficial to a wide range of FLP catalysed 
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Chapter 4:  
Employing Lewis Acid and Lewis Base Carboranes in FLP Catalysis 
 
 
4.1 Introduction  
 
The vast development of frustrated Lewis pair (FLP) chemistry has resulted from their 
advantages over transition-metal chemistry.  The construction of Lewis acid and Lewis 
base components with main-group elements provides a more economical approach than 
using rare, late transition-metals, with additional advantages such as reduced toxicity.1  
Over the last decade, the scope of reactions that have been catalysed by FLPs has 
increased.2  Additionally, one example of an FLP-mediated reaction which was not 
previously catalysed by transition-metals is the FLP-mediated enantioselective 
hydrogenation of silyl enol ethers.3 
 
An outstanding achievement of FLP chemistry has been metal-free, reversible dihydrogen 
activation. However, with only a select few examples of FLPs which are capable of 
reversible dihydrogen activation,4-7 recent efforts have been focussed on analysing the 
mechanism behind the reaction8, 9 and how catalyst design can assist in the generation of 
new FLP catalysts.10  In terms of catalyst design, the attributes highlighted that contribute 
to generating successful hydrogenation catalysts can in fact be applied generally to FLP 
components for other catalytic reactions.  Two of the criteria include; (a) sufficient steric 
bulk around both Lewis acid and Lewis base components to ensure a classic Lewis adduct 
is not formed between them and (b) the strength of both Lewis acid and Lewis base 
components has to be above a minimal threshold for catalysis to take place.10  However, 
both of these factors have to be considered in addition to the specific catalytic reaction 
and substrates being trialled.  
 
In this work, carborane based Lewis acids and Lewis bases were envisioned as ideal 
candidates for FLP catalysis and have previously not been trialled in FLP catalysis.  The 
carborane cage offers the steric bulk required for FLP chemistry as well as a degree of 




ranking the strength of the Lewis acid and base components has been a useful guide for 
identifying potential catalysts for specific organic transformations.  In this chapter, we 
explored the use of Lewis acid and Lewis base carboranes in catalysing Michael addition 
and hydrosilylation reactions.  Some of the results presented in this Chapter have been 

























4.2 Michael Addition Catalysis 
 
The Michael addition reaction is one of the most efficient carbon-carbon bond forming 
reactions which can be applied to a range of functional groups.12, 13  A Michael addition 
is a conjugate addition involving the nucleophilic attack of an enolate anion (Michael 
donor) to the β-carbon position of an α,β-unsaturated carboranyl compound (Michael 
acceptor) forming a Michael addition product, Scheme 4.1.  The reaction is most effective 
when electron-withdrawing groups are present in the Michael donor generating an acidic 
methylene H atom and when an unhindered α,β-unsaturated carboranyl compound is 






Scheme 4.1 A basic example of a Michael addition involving a Michael acceptor, 
Michael donor and a base to form a Michael addition product. 
 
Michael additions can be catalysed by bases such as trimethylamine,14 but are regularly 
catalysed by ruthenium complexes on small scales.  For example, Echavarren and co-
workers reported the Michael addition of a variety of Michael donors such as malonates, 
diketones and nitrocompounds using RuH2(PPh3)4.
15  In addition to this, Michael 
additions can also be catalysed by phosphines with recent work by Li et al. reporting the 
use of tributylphosphine for catalysing a tandem reaction involving a Michael addition16 
and Cong et al. reporting the use of chiral bisphosphine compounds for enantioselective 
double Michael additions.17  
 
Echavarren and co-workers identified that the dissociation of a phosphine ligand from 
RuH2(PPh3)4 catalysed the Michael addition, with investigations into trapping the free 
phosphine ligand using Pd(COD)Cl2 showing inhibition of the catalysis.
15  Echavarren 
concluded that the presence of the free phosphine was essential to the catalysis and the 
presence of a Lewis acidic metal centre enhanced the catalytic results.15  The combination 
of a Lewis acid in the form of ytterbium triflate alongside a Lewis base was also reported 





The first report of a metal-free Michael addition catalysed by a Lewis acid and Lewis 
base was reported by Baslé et al. and involved the use of a phosphine-borane 
intramolecular FLP catalyst, Figure 4.1.19  Baslé showed that the catalysis was enhanced 
by the intramolecular catalyst due to the linker holding the Lewis acid and Lewis base 
centres together close in space.19  Following this work, there has only been a few reports 
on metal-free, FLP-catalysed Michael additions.20, 21  Therefore, there is scope for a 





Figure 4.1 An example of a phosphine-borane used as an intramolecular FLP catalyst 
















4.2.1 Michael Addition Catalysed by Lewis Bases and a Lewis Base/Lewis Acid 
Carborane FLP 
 
The Michael addition of 3-buten-2-one and dimethylmalonate was catalysed by 10 mol% 
loading of PPh3 (VIII) and, when appropriate, addition of the chosen Lewis acid at 
10 mol% loading, Scheme 4.2.  The reaction was carried out in a J. Young NMR tube 
under an inert atmosphere at room temperature in d3-MeCN.  The reaction was analysed 
by 1H NMR spectroscopy every hour between 0 and 6 h and at 24 h.  The yield of the 
product dimethyl-2-(3-oxobutyl) malonate (XIX) was calculated from the relative 
integral of the resonance at δ 2.51 ppm against the mesitylene internal standard.  All 
catalytic runs were repeated twice and an average product yield was quoted.  Control 
reactions were carried out without the addition of any catalyst and spectroscopic analysis 





Scheme 4.2 General scheme for the Michael addition of 3-buten-2-one and 
dimethylmalonate to form XIX in the presence of a Lewis base and a 
Lewis acid. 
 
The Michael addition reaction can be solely catalysed by a Lewis base, such as VIII, as 
previously reported by Baslé et al.19  Using the reaction conditions developed in this 
work, VIII was trialled as the sole catalyst for the Michael addition and achieved a 
product yield of 43% after 6 h and 64% after 24 h.  These results provided a benchmark 








Lewis Base Lewis Acid 
XIX (6 h) 
(%) 
XIX (24 h) 
(%) 
VIII - 43 64 
VIII 4 56  76 
VIII B(C6F5)3 - - 
 
Table 4.1 Catalytic results for the Michael addition in Scheme 4.2 using a Lewis acid 
carborane. 
 
It was reported by Erchvarren and co-workers and by Baslé et al. that the addition of a 
Lewis acid as a co-catalyst with the Lewis basic phosphine enhanced the production of 
the desired Michael addition product.  Therefore, it was of interest to this work to generate 
an intermolecular FLP by combining VIII and a Lewis acid carborane.  Compound VIII 
was combined with 1-Bcat-2-Ph-closo-1,2-C2B10H10 (4) and spectroscopic analysis 
revealed no adduct was formed between the two species, suggesting the formation of a 
potential FLP.  The combination of VIII and 4 was trialled in Michael addition and 
showed an increase in formation of XIX of ca. 13% after both 6 h and 24 h relative to the 
results obtained for VIII alone, Table 4.1.  It was discussed in Chapter 2 that 4 is a strong 
Lewis acid, with a comparable Acceptor Number (AN) to the frequently used B(C6F5)3 
(AN = 76.1, AN of 4 = 80.6).  The combination of VIII and the frequently used Lewis 
acid B(C6F5)3 results in the formation of an adduct and prevents catalytic activity.
22  
Therefore, the use of 4 is advantageous in the generation of an FLP catalyst with VIII 
because no adduct is formed between VIII and 4, suggesting that there is greater steric 












4.2.2 Michael Addition Catalysed by Lewis Base Carboranes 
 
The promising results obtained using 4 in combination with VIII for catalysing the 
Michael addition prompted trial reactions involving Lewis base carboranes.  Michael 




24 as Lewis base catalysts, Scheme 4.2.  However, 
spectroscopic analysis revealed that neither VI nor XIV catalysed the Michael addition, 
Table 4.2.  As discussed in Chapter 3, the 1JPSe value obtained for a (carboranyl)phosphine 
selenide can be used as a guide for assessing the Lewis basicity of the parent 
(carboranyl)phosphine.  The 1JPSe values for VISe and XIVSe are 799 and 777 Hz 
respectively, which are larger than the 1JPSe for VIIISe (729 Hz
25).  Therefore, compounds 
VI and XIV are weakly basic in comparison to VIII.  Presumably, the Lewis basicities 
of VI and XIV are below the minimum threshold required for catalysing the Michael 
addition. 
Lewis Base Lewis Acid 
XIX (6 h) 
(%) 
XIX (24 h) 
(%) 
VI - 0 0 
XIV - 0 0 
XV - 85 92 
XV 4 - - 
 
Table 4.2 Results for the Michael addition in Scheme 4.2 using Lewis base and 
Lewis acid carboranes. 
 
Following these findings, the B-bound carboranylphosphine XV26 was trialled as the 
Lewis base catalyst in Michael addition.  The 1JPSe for XVSe is 704 Hz and has the lowest 
1JPSe value of the series of carboranylphosphine selenides analysed in Chapter 3.  
Therefore, XV has the greatest Lewis basicity of the series of carboranylphosphines 
studied in this work.  Compound XV was trialled in the Michael addition reaction and 
spectroscopic analysis showed that XV catalysed the reaction producing an 85% yield of 
XIX after 6 h and 92% after 24 h, Table 4.2.  These results represent increases in 
comparison to those obtained for VIII [43 % (6 h), 64% (24 h)].  Interestingly, these 




(6 h), 76% (24 h)].    The addition of a Lewis acid catalyst could potentially increase the 
catalytic results obtained by XV.  The combination of XV and the Lewis acid 4 was tested 
in Michael addition, Scheme 4.2, but upon spectroscopic analysis it was evident the 
desired Michael addition product had not formed.  In addition, the 1H NMR spectrum 
showed loss of the 3-buten-2-one substrate.  Therefore, to investigate whether an adduct 
had formed between XV and 4, a d3-MeCN solution of a 1:1 ratio of XV and 4 was 
analysed via 11B{1H} and 31P{1H} NMR spectroscopy, but it was apparent from this that 
the two species remained unchanged.  Further investigations involved a stoichiometric 
reaction between XV, 4 and the 3-buten-2-one substrate in a d3-MeCN solution.  Analysis 
of the 11B{1H} NMR spectrum of the stoichiometric reaction mixture showed the loss of 
the resonance assigned to the trigonal boron atom in 4, and in the 31P{1H} NMR spectrum 
the quartet resonance associated with the B-bound PPh2 group in XV had shifted 










Figure 4.2 The 31P{1H} NMR spectra for (a) solely XV at δ -48.8 ppm, (b) the 1:1 
ratio of XV and 4 at δ -48.8 ppm and (c) the 1:1:1 ratio of XV, 4 and the 
substrate 3-buten-2-one at δ -1.7 ppm.  All spectra are recorded in 
d3-MeCN. 
 
These observations suggest the formation of an adduct between XV, 4 and the 
3-buten-2-one substrate, Figure 4.3 (a).  A similar adduct formation was observed by 







substrate, Figure 4.3 (b).19  The β-phosphonium enolate was isolated and characterised 
spectroscopically and crystallographically.19  The spectroscopic observations reported by 
Baslé et al. also show the loss of the resonance assigned to the trigonal boron atom in the 
11B NMR spectrum and the downfield shift of the phosphorus resonance in the 31P NMR 









Figure 4.3 (a) The suspected compound formed from the stoichiometric reaction 
between XV, 4 and the substrate 3-buten-2-one and (b) the β-phosphonium 
enolate reported by Baslé et al.19 
 
These findings demonstrate that the individual strengths of the Lewis acid and base 
components can be used to aid selecting successful catalysts for a chosen organic 
transformation.  However, as stated by Paradies and co-workers, the balance between the 
individual Lewis acid and Lewis base components is also a crucial factor for catalysis.10  
This is apparent in this work from the combination of the strong Lewis base XV and the 
strong Lewis acid 4, which individually can assist in catalysing Michael addition, but 
when combined in the presence of 3-buten-2-one led to suspected adduct formation and 







4.3 Hydrosilylation Catalysis 
 
Hydrosilylation involves the addition of Si-H bonds across unsaturated bonds to form 
organosilicon compounds, with the possibility of addition across carbon-carbon, 
carbon-oxygen, carbon-nitrogen, nitrogen-nitrogen and nitrogen-oxygen multiple bonds. 
The hydrosilylation of alkenes usually proceeds via an anti-Markovnikov addition.  
Hydrosilylations and hydrogenations are two of the most industrially applied processes 
in homogeneous catalysis which are catalysed mainly by transition-metals.27, 28  However, 
the emergence of active metal-free catalysts has been increasing and, as previously 
discussed, FLP-mediated hydrogenations have been one of the dominant areas of FLP 
chemistry.2, 29  The close relationship between the heterolytic splitting of H2 and the 
Piers-type activation of a Si-H bond (with bond activation energies of 90 kcal mol-1 and 
103 kcal mol-1 respectively) has led to FLP catalysts being employed in hydrosilylation 
reactions as well as hydrogenations.30 
 
Paradies, Stephan and co-workers showed that dihydrogen could be activated at low 
temperatures using the FLP generated from PPh2(C6F5) and B(C6F5)3.
31  Further work by 
Paradies et al. showed that the same FLP was also capable of catalysing the 
hydrosilylation of 6,6-dimethylfulvene by diphenylmethylsilane.32  Interestingly, the 
phosphine employed as a co-catalyst in both reactions is weakly basic and, as discussed 
previously, gauging the strength of the individual components employed in the FLP 
catalyst can aid in selecting the most appropriate individual Lewis acid and base 
components.  In this work, a range of Lewis acids and Lewis bases, including 











4.3.1 Hydrosilylation with Lewis Acid Carborane/Lewis Base FLPs 
 
The boron-based Lewis acid B(C6F5)3 is frequently used in FLP chemistry
33 and was 
reported as the chosen Lewis acid for catalysing the hydrosilylation of 
6,6-dimethylfulvene by Paradies and co-workers.32  It was of interest to this work to test 
the potential for Lewis acid carboranes to act as co-catalysts for the hydrosilylation 
reaction.  The hydrosilylation of 6,6-dimethylfulvene using diphenylmethylsilane was 
catalysed by 10 mol% loading of the chosen Lewis acid and 10 mol% loading of the 
chosen Lewis base, Scheme 4.3.  The reaction was carried out in a J. Young NMR tube 
under an inert atmosphere at room temperature using CD2Cl2 as solvent.  The reaction 
was analysed by 1H NMR spectroscopy immediately after the addition of the Lewis acid.  
The product yield was calculated from the relative integral of the product resonance at 
δ 6.51 ppm against the mesitylene internal standard.  All catalytic runs were repeated 
twice and an average product yield is quoted.  Control reactions were carried out without 
the addition of any catalyst and spectroscopic analysis revealed that in these reactions no 
product formation had occurred.  No adduct formation was observed upon addition of the 




Scheme 4.3 General scheme for the hydrosilylation of 6,6-dimethylfulvene using 
diphenylmethylsilane in the presence of a Lewis acid carborane and the 
Lewis base PPh2(C6F5) (V) to form XX. 
 
Initially, each of the members of the family of dimesitylboryl-carboranes (II, III34 and 1) 
were trialled as potential Lewis acid catalysts in the hydrosilylation reaction in 
combination with the weakly Lewis basic V, PPh2(C6F5).  Upon addition of the substrates 
spectroscopic analysis of the reaction mixture revealed that no reaction had taken place 
after 6 h or after heating the reaction mixture to 40 °C for a further 24 h, Table 4.3.  As 
discussed in Chapter 2, the relative acidities of Lewis acids can be ranked by obtaining 
the AN.  The Lewis acid previously reported for catalysing the hydrosilylation reaction, 




ANs for the dimesitylboryl-carboranes and B(C6F5)3 show that the ANs for the 
dimesitylboryl-carboranes are much lower (ca. 28) suggesting that these compounds are 
very weak Lewis acids.  Hydrosilylations have been shown to be catalysed solely by 
B(C6F5)3,
35 and some evidence suggests that the initial step involves activation of the 
silane by the trigonal boron atom, suggesting that the strength of the Lewis acid is crucial 
to initiating the hydrosilylation catalysis.30  We conclude that, the family of 
dimesitylboryl-carboranes (II, III and 1) are too weakly acidic to act as active Lewis acid 





II 360 0a 
III 360 0a 
1 360 0a 
2 360 0 
3 360 0 
4 360 0 
 
Table 4.3 Results for the hydrosilylation reaction in Scheme 4.3 using Lewis acid 
carboranes and V.  aIn addition, reactions were heated to 40 °C for 24 h 
but no reaction was observed. 
 
From the work in Chapter 2 it was established from carrying out a modified 
Gutmann-Beckett experiment36 and obtaining the ANs, that the group of 
catecholboryl-carboranes (2, 3 and 4) have comparable Lewis acidities to B(C6F5)3.  With 
ANs of ca. 81, compounds 2, 3 and 4 are ranked as strong Lewis acids.  The inability of 
the group of dimesitylboryl-carboranes to act as Lewis acid co-catalysts for the 
hydrosilylation reaction was postulated to be due to their decreased Lewis acidity in 
comparison to the successful Lewis acid catalyst B(C6F5)3.  The need for a strong Lewis 
acid catalyst prompted the screening of compounds 2, 3 and 4 in hydrosilylation, Scheme 
4.3.  Interestingly, the catecholboryl-carboranes did not catalyse the hydrosilylation 
reaction after analysis of the 1H NMR spectrum of the reaction mixture revealed there 
was no evidence of conversion to the product XX from the substrates after 6 h, Table 4.3.  
Therefore, being strongly Lewis acidic is not the sole requirement for an active Lewis 




The concept of frustrated Lewis pairs requires a minimum degree of steric bulk to avoid 
the formation of a classic adduct.  Contrastingly, it is possible for catalytic activity to be 
inhibited due to exceedingly high steric bulk of either Lewis acid or base components.37  
The ability to quantify the steric bulk of a transition-metal ligand (e.g. phosphines and 
carbenes) is possible through percentage buried volume (%VBur) calculations,
38 which use 
the SambVca software39 to calculate the percentage of a sphere occupied by the ligand 
when coordinated to a metal centre.  However, this approach may not be viable for 
trigonal planar Lewis acid centres and consequently there are limited reports which 
attempt to quantify the steric bulk of Lewis acids.40  Lathem et al. use computational 
analysis, which incorporate dispersion interactions, to calculate cone angles for a large 
variety of main group hydrides, including [BH(C6F5)3]
-.40  The approach differs from the 
original Tolman cone angle calculations41 due to the positioning of the substrate at the 
apex of the cone to investigate the effect of the steric bulk surrounding the main group 
hydride on the reduction reaction.40  Lathem et al. also calculated cone angles for a variety 
of silanes emphasising that the steric bulk surrounding the silicon-hydrogen bond, due to 
use of sterically bulky Lewis acids with specific silane substrates, can impact on the 
success of hydrosilylation reactions.40  In the case of this work the activation of the silane 
substrate could be potentially inhibited due to the steric bulk surrounding the trigonal 
boron centre in the boryl-carboranes.  Therefore, it is apparent that a method of 
quantifying the steric bulk surrounding a trigonal boron centre is desirable to allow for 
specific tailoring of Lewis acids for activating hydrosilylation and potentially other 












4.3.2 Hydrosilylation with Lewis Acid/Lewis Base Carborane FLPs 
 
Work by Paradies and co-workers explored the scope of Lewis bases trialled in the 
hydrosilylation outlined in Scheme 4.3 and reported that the weakly basic phosphine 
PPh2(C6F5) (V) was an active Lewis base catalyst in conjunction with B(C6F5)3.
32  One 
aim of this study was ranking the basicity of a series of phosphines and 
carboranylphosphines (by obtaining the 1JPSe values from the corresponding selenides) 
and using the relative basicities to select appropriate Lewis base candidates for chosen 
organic transformations.  From work by Spokoyny and co-workers26 and previous 
discussions in Chapter 3.5.1, it was highlighted that the C-bound carboranylphosphine 
1-PPh2-closo-1,7-C2B10H11 (IV) and V were found to be only weakly basic, with this 
study suggesting that IV is a weaker Lewis base than V [the 1JPSe value of the 
corresponding selenides show a larger 1JPSe for IVSe (797 Hz) in comparison to VSe 
(774 Hz)].  Therefore, these results prompted the study of the similarly weakly Lewis 






Scheme 4.4 General scheme for the hydrosilylation of 6,6-dimethylfulvene using 
diphenylmethylsilane in the presence of the Lewis acid B(C6F5)3 and a 
Lewis base catalyst to form XX. 
 
Initial catalytic studies trialled the hydrosilylation reaction outlined in Scheme 4.4 using 
the catalysts reported by Paradies and co-workers under the conditions developed in this 
study.32  Compound V and B(C6F5)3 catalysed the reaction to produce an 89% yield of 
the product XX after 11 mins.  These results were then used as a benchmark for 











V 11 89 
VI 12 88 
XI 11 81 
XV 26 80 
XVII 60 0 
 
Table 4.4 Results for the hydrosilylation reaction in Scheme 4.4 using Lewis base 
carboranes and B(C6F5)3. 
 
Compound VI, B(C6F5)3 and the hydrosilylation substrates were combined, with 
spectroscopic analysis showing an 88% yield of the product XX after 11 mins.  These 
catalytic results are comparable to those obtained for the phosphine V with B(C6F5)3 and 
confirm the findings in Chapter 3 that VI is a weakly basic carboranylphosphine and 
therefore, an appropriate Lewis base for FLP-catalysed hydrosilylation. 
 
It was established in Chapter 3, from the 1JPSe values, that a series of carboranylphosphine 
selenides with a variety of substitutions at the second carbon vertex of the carborane cage 
have similar 1JPSe values (ca. 800 Hz).  This implies that the Lewis basicity of the parent 
carboranylphosphines with and without cage substitutions are similar.  Therefore, the 
weakly basic carboranylphosphine XI [1,2-(PPh2)2-1,2-closo-C2B10H10] was combined 
with B(C6F5)3 and trialled in the hydrosilylation of 6,6-dimethylfulvene.  Analysis of the 
1H NMR spectrum of the reaction mixture revealed that XI was an active co-catalyst and 
produced a product yield of 81% after 11 minutes, Table 4.4. 
 
It is apparent from the work reported by Paradies and co-workers32 and from the findings 
in this Chapter that weak Lewis bases are the ideal candidates when combined with 
B(C6F5)3 to catalyse the hydrosilylation of 6,6-dimethylfulvene by diphenylmethylsilane.  
Therefore, it is of interest to this work to trial very weakly basic carboranylphosphines in 




catalyse the reaction.  Compound XVII, µ-2,2ʹ-PPh-{1-(1ʹ-closo-1ʹ,2ʹ-C2B10H10)-closo-
1,2-C2B10H10}, was previously reported by Riley et al. and is a very weakly basic 
carboranylphosphine bearing two linked C-bound carborane cages in the form of a 
1,1ʹ-bis(ortho-carborane) substituent.42  The corresponding carboranylphosphine selenide 
XVIISe was also reported and has a 1JPSe of 891 Hz,
42 which is ca. 100 Hz greater than 
that of the selenide of the previously trialled phosphine V (777 Hz) and 
carboranylphosphines VI (799 Hz) and XI (807 Hz).  Compound XVII was combined 
with B(C6F5)3 and trialled in the hydrosilylation reaction but analysis via 
1H NMR 
spectroscopy revealed that catalytic activity did not occur, merely the emergence of 
multiple new resonances.  Therefore, it is apparent that the Lewis basicity of the 
carboranylphosphine XVII is probably below the threshold required for the 
hydrosilylation reaction.  Paradies and co-workers report that the presence of the Lewis 
base is crucial to this hydrosilylation reaction due to the potential of B(C6F5)3 to carry out 
undesirable oligomerisation of the 6,6-dimethylfulvene substrate, inhibiting the 
catalysis.32  Similar observations were observed in the attempted hydrosilylation 
involving XVII and B(C6F5)3 with the reaction mixture becoming more viscose and 
changing colour from yellow to dark red.   
 
In contrast to the success with weak Lewis base catalysts, Paradies and co-workers 
established that strong Lewis bases such as PtBu3 were not active Lewis base catalysts in 
the hydrosilylation reaction.32  In Chapter 3 it was established that the positional isomers 
IV (C-bound) and XV (B-bound) possessed contrasting Lewis basicities, with XV being 
the strongest carboranylphosphine reported in this work.  Therefore, it was of relevance 
to this study to see how XV performed as a Lewis base catalyst in the hydrosilylation 
reaction.  The combination of B(C6F5)3 and XV under the catalytic conditions 
successfully produced 80% yield of the hydrosilylation product XX after 26 mins, Table 
4.4.  It is apparent that the increased Lewis basicity the B-bound carboranyphosphine XV, 
in comparison to its C-bound ortho-isomer analogue VI, caused the compound to catalyse 
the reaction at a reduced rate, with the reaction time doubling to reach 80% product yield, 
Table 4.4.  The success of the Lewis base carborane XV acting as a co-catalyst in the 
hydrosilylation is potentially due to the balance between the Lewis basicity and the steric 
bulk.  Paradies and co-workers reported PtBu3 was not an active catalyst for the 
hydrosilylation reaction.  The 1JPSe reported for SeP
tBu3 is 691 Hz, recorded in 
d8-toluene,




indicating that both parent phosphines are strongly basic.  However, the steric bulk around 
the phosphorus atom in XV is reduced in comparison to the phosphorus centre in PtBu3 
as calculated from percentage buried volume calculations (%VBur), (%VBur = 31.9% for 
XV and 36.7% for PtBu3).  Therefore, these results reiterate the importance of tailoring 
FLP catalysts for the organic transformation and substrates in question as both the 
strength and the steric bulk need to be taken into consideration when designing effective 
FLP catalysts. 
 
                       























In this Chapter it was demonstrated for the first time that Lewis acid carboranes and Lewis 
base carboranes were active co-catalysts in FLP-mediated organic transformations.  An 
FLP was generated from the combination of the Lewis acid 4, a catecholboryl-carborane, 
and the Lewis base PPh3 (VIII).  The FLP generated from the combination of 4 and VIII 
was an active catalyst for the Michael addition of 3-buten-2-one and dimethylmalonate 
and exceeded the product yield obtained when solely VIII was used (76% vs. 64%, 
respectively, after 24 h). 
 
The weakly basic carboranylphosphines VI and XIV were trialled in the Michael addition 
but it was found that the Lewis basicity of these compounds was below the threshold 
required.  The B-bound carboranylphosphine XV was identified as a strongly Lewis basic 
carboranylphosphine from Chapter 3 and was a successful Lewis base catalyst for the 
Michael addition producing the highest yield of the Michael addition compound XIX 
(92% after 24 h).  These results exceeded those obtained for VIII.  The enhancement in 
catalytic results achieved from the generation of the FLP between VIII and the Lewis 
acid carborane 4 prompted the successful formation of an FLP between XV and 4.   
However, spectroscopic investigations of a stoichiometric reaction of XV, 4 and the 
3-buten-2-one substrate suggested an adduct had formed between the three species 
inhibiting the Michael addition catalysis. 
 
Carboranes bearing Lewis basic and acidic groups were then employed as components in 
the hydrosilylation of 6,6-dimethylfulvene with diphenylmethylsilane.  The weakly 
Lewis acidic dimesitylboryl-carboranes I, II and 1 were trialled in conjunction with the 
weakly basic phosphine PPh2(C6F5) (V).  FLPs were generated in each case, however the 
Lewis acidity of II, III and 1 was suspected to be below the threshold required for 
performing the hydrosilylation.  In Chapter 2 the relative acidities of a series of Lewis 
acids, including Lewis acid carboranes, were ranked according to each compound’s AN.  
It was identified that the catecholboryl-carboranes 2, 3 and 4 were highly Lewis acidic 
with comparable ANs to that of B(C6F5)3.  Compounds 2, 3 and 4 were individually 
combined with V and each FLP was employed in the hydrosilylation reaction.  




apparent that there was no catalytic activity, even under more forcing conditions.  These 
findings suggest that the strength of the individual Lewis acid and Lewis base components 
is not the only factor that governs catalytic activity.  The steric bulk of the 
catecholboryl-carboranes could have prevented catalysis from occurring and therefore, 
the ability to quantify the steric bulk of trigonal boron centres in Lewis acids could assist, 
in conjunction with Lewis acidity, in designing successful FLP catalysts. 
 
Work by Paradies and co-workers established that weak Lewis bases such as V were ideal 
catalysts in combination with B(C6F5)3 for catalysing hydrosilylation reactions.
32  In 
Chapter 3 the assessment and ranking of the relative Lewis basicities of a series of 
phosphines and carboranylphosphines allowed the identification of weakly Lewis basic 
C-bound carboranylphosphines which would be suitable candidates for hydrosilylation.  
Compounds VI (1-PPh2-closo-1,2-C2B10H11) and XI [1,2-(PPh2)2-closo-1,2-C2B10H10] 
are weakly basic, and both generated FLPs when combined with B(C6F5)3.  Both FLPs 
were successful employed in hydrosilylation, producing ca. 85% yield of the product XX 
after ca. 12 mins. 
 
Having successfully identified and employed weakly Lewis basic C-bound 
carboranylphosphines as co-catalysts in hydrosilylation, it was speculated whether 
compound XVII, a very weakly basic carboranylphosphine bearing a 
1,1ʹ-bis(ortho-carborane) substituent could be an active catalyst.  However, it was clear 
that the Lewis basicity of XVII was below the threshold required for catalysing the 
hydrosilylation reaction and instead the suspected oligomerisation of the 
6,6-dimethylfulvene substrate activated by B(C6F5)3 is assumed to have occurred. 
 
Further investigations targeted the B-bound carboranyphosphine XV which was 
identified in Chapter 3 as the strongest Lewis base in the series of carboranylphosphines 
screened.  Compound XV was combined with B(C6F5)3 in the hydrosilylation reaction 
and produced a product yield of 80% in 26 mins.  Therefore, despite the preference for 
weak Lewis bases in the hydrosilylation reaction, the strongly Lewis basic B-bound 




comparable to that of PtBu3 but the reduced steric bulk has enabled it to function as a 
co-catalyst. 
 
In summary, this work demonstrated the versatility and tuneability afforded by the use of 
a carborane scaffold with C-bound carboranylphosphines and boryl-carboranes and 
B-bound carboranylphosphines in FLP catalysis.  This work has shown that ranking the 
basicity of a series of carboranylphosphines and phosphines, and the acidity of a series of 
boryl-carboranes and boron reagents, aided the selection of successful Lewis base and 
Lewis acid components for catalysing either Michael addition or hydrosilylation 
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The first example of an intramolecular frustrated Lewis pair (FLP) was reported by 
Stephan and co-workers and was prepared by the nucleophilic substitution of PHMes2 
onto the para-carbon atom of a C6F5 group of B(C6F5)3 to generate a zwitterionic 
phosphonium-borate species (see page 39).1  This species can then be converted to the 
phosphine-borane species which can reversibly activate dihydrogen, Figure 5.1 (a).1  A 
second example which activated dihydrogen was reported shortly afterwards, an ethylene 
bridged phosphine-borane species, by Spies et al., Figure 5.1 (b).2  Following the success 
of intramolecular FLPs in the activation of dihydrogen, these species have been applied 
as hydrogenation catalysts and have become sought-after catalysts due to the advantages 
they provide.3, 4  Intramolecular FLPs offer the possibility of improved reactivity in 
comparison to their intermolecular counterparts.  Mechanistic studies in FLP-mediated 
hydrogenations conclude that the preorganisation of the Lewis acid and Lewis base 





Figure 5.1 Two examples of intramolecular FLPs capable of dihydrogen activation 
by (a) Stephan and co-workers1 and (b) Spies et al.2 
 
When applied in dihydrogen activation, intramolecular FLPs reduce the number of 
components involved in the reaction, making the reaction bimolecular and lowering the 
entropic barrier for H2 activation.
5 However, Pápai and co-workers emphasise the 
importance of the appropriate choice of linker in achieving this lowering in entropy.6  For 
example, Erker and co-workers reported FLPs in the form Mes2P(CH2)nB(C6F5)2 which 
showed varied activity towards dihydrogen activation depending on the length of the alkyl 




lead to a successful conformation for dihydrogen activation, then two intramolecular FLP 
compounds act as intermolecular catalysts.8 
 
A disadvantage of intramolecular FLPs is their inability to simply translate intermolecular 
FLPs to an analogous intramolecular FLP because the chosen linker between the Lewis 
acid and Lewis base groups can affect the steric and electronic properties of both sites.5  
It was concluded in Chapters 2 and 3 that the electronic properties, i.e. the Lewis acidity 
or Lewis basicity, of either a Lewis acid or Lewis base group appended to a C2B10 cage 
was unaffected by secondary substitution at the second carbon vertex of the cage.  
Therefore, this is an advantageous characteristic of a carborane scaffold, which has yet to 
be employed in designing intramolecular FLPs.  This Chapter aims to establish an 
appropriate synthetic route to novel intramolecular FLP carborane compounds and to 
investigate whether the influence of having both a Lewis acid and Lewis base group on 
the same carborane scaffold affects the Lewis acidity and basicity of each group, 
respectively.  If the Lewis acidity and basicity of each group of the intramolecular FLP 
carborane is not lost because of the presence of the other substituent, there is the 
possibility for this species to be a unique and ideal candidate for FLP catalysis.  Some of 
the results within this Chapter were submitted for publication9 and were carried out in 

















5.2 Initial Attempts to Synthesise Intramolecular FLP Carboranes 
 
In the formation of intramolecular FLP species both the Lewis acid and Lewis base groups 
are appended to the same scaffold and this is usually synthetically challenging.5  In this 
work, the Lewis base was chosen to be attached to the carborane scaffold prior to 
attaching the Lewis acid group.  This is because it was speculated that the nucleophilic, 
Brønsted basic reagent (i.e. n-BuLi) used in the synthesis of the intramolecular FLP 
species could potentially react with the electron deficient boron atom of the Lewis acid 
group in preference to the desired deprotonation of the carborane cage.  Therefore, 
carboranylphosphines were selected as the initial scaffold.   
 
Similar to the formation of catecholboryl-carboranes in Chapter 2, the deprotonation of a 
toluene solution of the carboranylphosphine VI, 1-PPh2-closo-1,2-C2B10H11, using 
n-BuLi was carried out, followed by the addition of BcatBr, Scheme 5.1.  The reaction 
mixture was stirred at ambient temperature overnight and the reaction was analysed 








Scheme 5.1 The deprotonation of VI using n-BuLi, followed by the addition of BcatBr 
in toluene. 
 
Analysis of the 31P{1H} NMR spectrum of the crude reaction mixture showed a major 
species with a resonance at δ -14.9 ppm.  However, this 31P{1H} NMR resonance was not 
indicative of a phosphorus environment of a C-bound carboranylphosphine as the 




between δ ca. 5 and 25 ppm.  The resonance at δ -14.9 ppm was also observed during the 
isolation of VI and was speculated to be the species Ph2P-PPh2 or Ph2P(n-Bu).
10, 11   
 
The same reaction conditions were trialled for the meta-isomer IV since steric crowding 
could be preventing the formation of the desired intramolecular FLP compound.  
However, upon spectroscopic analysis of the crude reaction mixture, the major resonance 
in the 31P{1H} NMR spectrum was once again at δ -14.9 ppm.  Therefore, it was 
speculated that there was an undesirable reaction occurring between the n-BuLi and the 
phosphorus centre of the carboranylphosphine.  These results prompted the use of an 





















5.2.1 1-P(BH3)Ph2-closo-1,2-C2B10H11 (VIBH3) 
 
To a toluene solution of VI, a solution of BH3.SMe2 was added and the reaction was 
stirred at ambient temperature for 1 h.  The BH3-protected carboranylphosphine 






Scheme 5.2 Reaction of BH3.SMe2 with carboranylphosphine VI to afford 
1-P(BH3)Ph2-closo-1,7-C2B10H11 (VIBH3). 
 
Elemental analysis was in agreement with the expected values for compound VIBH3 
(C14H24B11P).  The 
1H NMR spectrum of VIBH3 displayed an integral-4 multiplet and an 
integral-6 multiplet between δ 8.08-8.05 and 7.56-7.54 ppm respectively, corresponding 
to the ten phenyl protons of the phosphine substituent.  An integral-1 broad singlet was 
observed at δ 4.45 ppm, which corresponds to the Ccage-H.  The 
11B{1H} NMR spectrum 
showed six resonances ranging from δ 0.0 to -37.9 ppm, in the relative ratio of 1:1:2:2:4:1.  
The integral-1 broad, doublet resonance at δ -37.9 ppm corresponds to the boron atom in 
the BH3-protecting group due to the presence of 
31P coupling.  In the 11B NMR spectrum 
the multiplicity of the resonance centred at δ -37.9 ppm becomes more complex due to 
1H coupling and 31P coupling.   The 31P{1H} NMR spectrum of VIBH3 showed a broad 
quartet at δ 34.7 ppm. 
 
Single crystals were grown from slow evaporation of a concentrated toluene solution of 
VIBH3.  The formation of the phosphorus-boron bond (P1-B100) was confirmed with a 
bond length of 1.926(4) Å, Figure 5.2.  The carbon-carbon bond length is 1.600(3) Å and 
the phosphorus atom possessed a distorted tetrahedral geometry with bond angles ranging 
from 105.30(9)° to 112.69(10)°.  The torsion angle B100-P1-C1-C2 was 1.16(12)°, 














Figure 5.2 Perspective view of 1-P(BH3)Ph2-closo-1,2-C2B10H11 (VIBH3) and part of 




























5.2.2 1-P(BH3)Ph2-closo-1,7-C2B10H11 (IVBH3) 
 
To a toluene solution of IV, a solution of BH3.SMe2 was added and the reaction was 
stirred at ambient temperature for 1 h.  The BH3-protected carboranylphosphine 






Scheme 5.3 Reaction of BH3.SMe2 with carboranylphosphine IV to afford 
1-P(BH3)Ph2-closo-1,7-C2B10H11 (IVBH3). 
 
Elemental analysis was in agreement with the expected values for compound IVBH3 
(C14H24B11P).  The 
1H NMR spectrum of IVBH3 displayed an integral-4 multiplet and an 
integral-6 multiplet between δ 8.09-8.04 and 7.02-6.94 ppm respectively, corresponding 
to the ten phenyl protons of the phosphine substituent.  An integral-1 broad singlet was 
observed at δ 2.01 ppm, which corresponds to the Ccage-H.  The 
11B{1H} NMR spectrum 
showed six resonances ranging from δ -4.3 to -35.6 ppm, in the relative ratio of 
1:1:2:2:4:1.  The integral-1 resonance at δ -35.6 ppm is a broad doublet indicating the 
presence of 31P coupling.  This resonance is associated with the boron atom in the 
BH3-protecting group and this was confirmed in the 
11B NMR spectrum, whereby this 
resonance was observed as a multiplet due to 31P and 1H coupling.  The 31P{1H} NMR 
spectrum of IVBH3 showed a broad quartet at δ 30.8 ppm. 
 
Single crystals were grown from slow evaporation of a concentrated toluene solution of 
IVBH3.  The formation of the phosphorus-boron bond (P1-B100) was confirmed with a 
bond length of 1.926(4) Å, of similar length to the phosphorus-boron bond in the 
ortho-isomer VIBH3, Figure 5.3.  The phosphorus atom possess as distorted tetrahedral 
















Figure 5.3 Perspective view of 1-P(BH3)Ph2-closo-1,7-C2B10H11 (IVBH3) and part of 


























5.2.3 Attempts to Synthesise Intramolecular FLP Carboranes with Protected Phosphines 
 
As discussed previously, the reaction of either carboranylphosphine, VI or IV, with 
n-BuLi appeared to degrade the starting material and prevented the formation of the 
desired intramolecular FLP compounds. Therefore, two novel BH3-protected 
carboranylphosphines VIBH3 and IVBH3 were synthesised, fully characterised and 
trialled in the synthesis of intramolecular FLP carboranes.  To a THF solution of VIBH3 
n-BuLi was added and the reaction was heated to reflux for 1 h.  Following a solvent 
exchange to toluene, BcatBr was added to the reaction, following which it was heated to 







Scheme 5.4 The reaction of n-BuLi with the BH3-protected carboranylphosphine 
VIBH3 followed by the addition of BcatBr. 
 
Upon analysis of the 11B and 11B{1H} NMR spectra of the crude reaction mixture a 
resonance suspected to be associated with a trigonal boron species was observed at 
δ 23.2 ppm.  In addition to this resonance several overlapping resonances between δ 2.4 
and -18.5 ppm, associated with boron atoms in the cage, and multiple upfield resonances, 
which were predicted to be associated with BH3-protecting groups, were observed in the 
11B{1H} NMR spectrum.  The 31P{1H} NMR spectrum displayed several resonances 
between δ 48.0 and 9.5 ppm appearing as a mixture broad quartets and singlets.  
Therefore, it is evident from the spectroscopic analysis that the reaction produced a 





Following this, the meta-isomer IVBH3 was trialled under the same reaction conditions.  
It was evident from spectroscopic analysis of the crude reaction mixture that this reaction 
produced fewer products than the reaction with the ortho-isomer VIBH3.  Analysis of the 
11B and 11B{1H} NMR spectra showed a single resonance at δ -35.5 ppm, which was 
associated with the boron atom of a BH3-protecting group, and two resonances which 
were associated with two trigonal boron atoms at δ 30.0 and 23.3 ppm, with one resonance 
suspected to be associated with an impurity.  In the 11B{1H} NMR spectrum there were 
overlapping resonances between δ 1.4 and -17.4 ppm which corresponded to the cage 
boron atoms.  In the 31P{1H} NMR spectrum there are overlapping resonances centred at 
δ ca. 30 ppm.  It was concluded that the desired BH3-protected intramolecular species had 
potentially been formed in the reaction from the spectroscopic analysis, although in 
addition to minor products. 
 
To trial the deprotection of the borane-protecting group from the phosphine substituent, 
the addition of 0.5 equivalents of 1,4-diazabicyclo[2.2.2]octane (DABCO) to a toluene 
solution of the crude reaction mixture was carried out.  Spectroscopic analysis after 16 h 
showed loss of the resonances associated with the trigonal boron atoms at δ 30.0 and 
23.3 ppm in the 11B and 11B{1H} NMR spectra and retention of the resonances associated 
with the BH3-protecting group (δ -35.5 ppm).  Therefore, the deprotection using DABCO 
was speculated to remove the catecholboryl-substituent prior to removal of the 













5.3 1-Bcat-7-PPh2-closo-1,7-C2B10H10 (10) 
 
The next synthetic route towards intramolecular FLP carboranes investigated the use of a 
different Brønsted base that was compatible with the phosphine substituent.  A toluene 
solution of IV was deprotonated by the addition of a solution of the non-nucleophilic base 
lithium 2,2,6,6-tetramethylpiperidide (LiTMP).  After the addition of BcatBr, the solution 
was heated to reflux for 18 h, Scheme 5.5.  The solution was evaporated to dryness and 
the product was extracted with cold petrol prior to the removal of excess IV from the 
residue via vacuum sublimation.  The product, 1-Bcat-7-PPh2-closo-1,7-C2B10H10 (10), 








Scheme 5.5 The synthesis of 1-Bcat-7-PPh2-closo-1,7-C2B10H10 (10) from the 
deprotonation of IV using LiTMP followed by the addition of BcatBr. 
 
Compound 10 was characterised by NMR spectroscopy, electron-ionisation mass 
spectrometry and X-ray crystallography.  The electron-ionisation mass spectrum for 10 
showed a characteristic heteroborane envelope centred on m/z 446.2, which was 
consistent with the expected molecular weight of 447.3 g mol-1. 
 
The 1H NMR spectrum of 10 showed four resonances with an integral-6 and an integral-4 
multiplet between δ 7.79-7.75 and 7.05-7.02 ppm respectively for the phosphine phenyl 
protons.  The remaining two multiplet resonances, each of integral-2, representing the 
catechol substituent protons are observed between δ 6.76-6.72 and 6.64-6.60 ppm.  In the 
11B{1H} NMR spectrum resonances in the ratio of 1:1:6:2 are seen between δ -0.7 




integral-1 resonance for the catecholboryl-substituent was seen in the 11B{1H} NMR 
spectrum at δ 30.3 ppm, and showed no 1H coupling in the 11B NMR spectrum.  The 
31P{1H} NMR spectrum of 10 showed a singlet resonance at δ 20.3 ppm. 
 
The molecular structure of 10 was confirmed crystallographically from single crystals 
grown from a cooled (-20 °C), concentrated petrol solution.  The boron atom in the 
catecholboryl-substituent has a distorted trigonal planar geometry with the angles at the 
boron atom ranging from 112.98(10)° to 123.91(13)°, Figure 5.4.  The most constrained 
angle around the boron centre is the angle between the oxygen atoms of the catechol 
substituent (O11-B1-O12).  The distance between the cage carbon vertex (C1) and the 
catecholboryl-substituent (B1) is 1.5594(16) Å.  The C1-B1 bond length in 10 is 
marginally shorter than that in the catecholboryl-carborane species 2 [1.5633(18) Å], 3 
[1.565(2) and 1.568(2) Å] and 4 [1.5703(15) Å] reported in Chapter 2.  The length of the 
bond between the phosphine substituent and the cage carbon vertex (C7-P1) is 1.886(3) Å 
and the phosphorus centre has a distorted trigonal pyramidal geometry with bond angles 































Figure 5.4 Perspective view of 1-Bcat-7-PPh2-closo-1,7-C2B10H10 (10) and part of 





















5.3.1 1-Bcat-7-P(Se)Ph2-closo-1,7-C2B10H10 (10Se) 
 
Compound 10, 1-Bcat-7-PPh2-closo-1,7-C2B10H10, was dissolved in C6D6 in a J. Young 
NMR tube before excess elemental selenium was added, Scheme 5.6.  The reaction 
mixture was left at room temperature for 7 days and monitored via 31P{1H} NMR 
spectroscopy until full conversion to the selenide was observed.  No isolation of 10Se 








Scheme 5.6 Room temperature reaction of excess elemental selenium and 
1-Bcat-7-PPh2-closo-1,7-C2B10H10 (10) to afford 
1-Bcat-7-P(Se)Ph2-closo-1,7-C2B10H10 (10Se). 
 
The 1H NMR spectrum of 10Se displayed an integral-4 multiplet between 
δ 8.36-8.31 ppm and an intergral-6 multiplet between δ 6.98-6.93 ppm corresponding the 
phenyl protons on the phosphine substituent.  Two further multiplet resonances were 
observed in the 1H NMR spectrum between δ 6.77-6.71 and 6.64-6.61 ppm, each of 
integral-2, representing the catechol substituent protons. 
 
The 11B{1H} NMR spectrum of 10Se showed resonances between δ 0.7 and -16.1 ppm, 
in the ratio of 2:6:2.  An additional integral-1 resonance for the catecholboryl-substituent 
is observed in the 11B{1H} NMR spectrum at δ 30.5 ppm, and showed no 1H coupling in 
the 11B NMR spectrum.  The 31P{1H} NMR spectrum of 10Se revealed a singlet at 





5.3.2 Ranking the Lewis Basicity and Acidity of 10  
 
It was of interest to this work to investigate the hypothesis drawn in Chapters 2 and 3 
involving the negligible impact on either the Lewis acidity or Lewis basicity of a 
substituent upon substitution at the second carbon vertex of the carborane cage, for the 
case of intramolecular FLP carboranes.  This was investigated initially by obtaining the 
1JPSe value for the intramolecular selenide 10Se.  Comparison of the 
1JPSe value obtained 
for 10Se (817 Hz) and that of the unsubstituted meta-carboranylphosphine IVSe (797 Hz) 
showed a relatively minor difference of 20 Hz between the two species, Table 5.1.  It 
should be noted that the 1JPSe obtained for 10Se was from a spectrum recorded in C6D6 
and all other 1JPSe values are from spectra recorded in CDCl3.  As discussed previously, it 
is important to take into consideration that possible interactions between the Se atom and 
the solvent chosen for the analysis can occur and therefore a higher degree of error is 
possible when comparing 1JPSe values measured in different solvents.
12 The 1JPSe value 
for 10Se is similar to those obtained for the other carboranylphosphines with secondary 
cage substitution (ca. 800 Hz), Table 5.1.  Therefore, substitution of a Lewis acidic group, 
such as a catecholboryl group in the case of 10, has a minor effect on the Lewis basicity 
of the phosphine substituent.  Consequently, compound 10 is a weak Lewis base. 
Entry (Carboranyl)phosphine 1JPSe (Hz) 
VIII PPh3 729 
IV 1-PPh2-closo-1,7-C2B10H11 797 
VI 1-PPh2-closo-1,2-C2B10H11 799 
6 1-(1ʹ-closo-1ʹ,7ʹ-C2B10H11)-7-PPh2-closo-1,7-C2B10H10 802 
7 1-(1ʹ-7ʹ-PPh2-closo-1ʹ,7ʹ-C2B10H10)-7-PPh2-closo-1,7-C2B10H10 802 
IX 1-PPh2-2-Me-closo-1,2-C2B10H10 804  
VII 1-PPh2-7-PPh2-closo-1,7-C2B10H10 804 
XI 1-PPh2-2-PPh2-closo-1,2-C2B10H10 807 
X 1-PPh2-2-Ph-closo-1,2-C2B10H10 812  
10 1-Bcat-7-PPh2-closo-1,7-C2B10H10   817* 
9 1-{PPh-(1ʹ-closo-1ʹ,2ʹ-C2B10H11)}-closo-1,2-C2B10H11 846 
XVII µ-2,2ʹ-PPh-{1-(1ʹ-closo-1ʹ,2ʹ-C2B10H10)-closo-1,2-C2B10H10} 891  
 
Table 5.1 The rank order of selected (carboranyl)phosphine selenides with increasing 
1JPSe values.  Selenides underlined are previously reported in the 
literature.13-15 *The 31P{1H} NMR spectrum was recorded in C6D6, all other 




The impact of secondary substitution on the carborane cage was investigated by assessing 
the Lewis acidity of the catecholboryl substituent in 10 upon substitution of a Lewis basic 
diphenylphosphine substituent.  The modified Gutmann-Beckett method outlined in 
Chapter 2.3.1,16 was employed to obtain the Acceptor Number (AN) for compound 10.  
Upon spectroscopic analysis, the 31P{1H} NMR spectrum displayed two resonances at 
δ 76.5 and 20.1 ppm, with the resonance at δ 76.5 ppm representing the Et3PO-adduct 
with the catecholboryl centre and the resonance at δ 20.1 ppm representing the 
diphenylphosphine group.  The AN for compound 10 was calculated to be 79.1, Table 
5.2.   




5 µ-2,2ʹ-BPh-{1-(1ʹ-closo-1ʹ,2ʹ-C2B10H10)-closo-1,2-C2B10H10} 86.4 80.0 
2 1-Bcat-closo-1,2-C2B10H11 82.6 78.3 
3 1-Bcat-2-Me-closo-1,2-C2B10H10 81.1 77.6 
4 1-Bcat-2-Ph-closo-1,2-C2B10H10 80.6 77.4 
10 1-Bcat-7-PPh2-closo-1,7-C2B10H10 79.1 76.5 
- B(C6F5)3 76.1 75.3 
 
Table 5.2 The rank order of Lewis acidity of a series of synthesised Lewis acidic 
boryl-carboranes and boron reagents based upon decreasing ANs. 
 
The AN for 10 exceeds the AN obtained for B(C6F5)3 (76.1) in this work.  Comparison 
of the AN of 10 and the other boryl-carboranes studied in Chapter 2 revealed that the 
intramolecular FLP compound has a similar AN (ca. 80) to the other 
catecholboryl-compounds, Table 5.2.  Therefore, the catecholboryl centre in compound 
10 is ranked as highly Lewis acidic.  Interestingly, comparison of the AN obtained for 2, 
1-Bcat-closo-1,2-C2B10H11, and the intramolecular compound 10 showed that the 
attachment of a Lewis basic phosphine group on the second carbon vertex of the cage has 
a negligible effect on the Lewis acidity.  These results contribute and reinforce the 
findings in Chapters 2 and 3 that C-bound substitution at the second carbon vertex of a 





5.3.3 Employing 10 in Hydrosilylation Catalysis 
 
Following the assessment of the Lewis acidity of the boron centre in the catecholboryl 
substituent and the Lewis basicity of the phosphorus centre in the diphenylphosphine 
substituent, compound 10 was found to contain a strong Lewis acid group and a weak 
Lewis base group, respectively.  Therefore, the intramolecular FLP carborane catalyst 10 
was predicted to be a potential candidate for catalysing the hydrosilylation of 
6,6-dimethylfulvene using diphenylmethylsilane.  The hydrosilylation was carried out in 
a J. Young NMR tube under an inert atmosphere at room temperature using CD2Cl2 as 
solvent.  Following the addition of 10 mol% loading of the intramolecular FLP carborane 
10 the reaction was analysed by 1H NMR spectroscopy, Scheme 5.7.  The product yield 
was calculated from the relative integral of the product resonance at δ 6.51 ppm against 
the mesitylene internal standard.  All catalytic runs were repeated twice and an average 
product yield is quoted.  Control reactions were carried out without the addition of any 





Scheme 5.7 Conditions for the hydrosilylation of 6,6-dimethylfulvene using 
diphenylmethylsilane in the presence of the intramolecular FLP carborane 
10. 
 
Upon analysis of the 1H NMR spectrum of the reaction mixture it was apparent that no 
catalysis had taken place, even after 6 h, Table 5.3.  As discussed by Scott et al. the steric 
and electronic properties of the individual Lewis acid and Lewis base sites can be affected 
by the chosen linker and this can, therefore, complicate the simply translation of 
intermolecular FLPs to an intramolecular FLP.5 It was established by Paradies and 
co-workers and implemented in this work that weakly basic phosphines act as active 
Lewis base catalysts in the hydrosilylation of 6,6-dimethylfulvene.17   The selenide of the 
intramolecular FLP carborane, 10Se, has a 1JPSe value of 817 Hz, which is of similar 




electronic properties the phosphine group in the intramolecular FLP compound 10 was 
concluded to not only be weakly basic but to be of similar Lewis basicity to the 
carboranylphosphines already observed in this work (VI and XI) to be active Lewis base 
catalysts in hydrosilylation [in conjunction with B(C6F5)3].  Therefore, it appears that the 
Lewis basicity of the phosphine group in 10 was not a contributing factor to the lack of 





10 360 0 




B(C6F5)3 VI 12 88 
B(C6F5)3 XI 11 81 
4 V 360 0 
 
Table 5.3 Results for the catalysis of the hydrosilylation reaction in Scheme 5.7 
using the intramolecular FLP carborane 10 and intermolecular 
combinations.  V = PPh2(C6F5). 
 
In terms of steric factors, the steric bulk around the phosphorus atom in 10 was evaluated 
by the percentage buried volume (%VBur) and compared to the steric bulk surrounding 
the phosphorus atoms in IV, 1-PPh2-closo-1,7-C2B10H11, and in VI, 
1-PPh2-closo-1,2-C2B10H11.  The %VBur for 10 was calculated to be 34.0% and the %VBur 
obtained for IV was 33.7% and 35.2% for VI.  Therefore, the steric bulk around the 
phosphorus atom in 10 was predicted to be very similar to that in the meta-isomer IV and 
to that in the active Lewis base hydrosilylation catalyst VI.  Consequently, the steric bulk 
around the Lewis base site in 10 was not suspected to inhibit the hydrosilylation catalysis.   
 
In the investigations into selecting appropriate Lewis acid carboranes for the chosen 
hydrosilylation reaction, it was concluded that even though the catecholboryl-carboranes 
2, 3 and 4 were highly Lewis acidic, and had comparable Lewis acidities to the active 
catalyst B(C6F5)3, they were unfortunately not active catalysts, Table 5.3.  Additionally, 




the formation of an intramolecular FLP catalyst did not assist in producing an active 
catalyst for the hydrosilylation reaction.  As discussed in Chapter 4 for the intermolecular 
Lewis acid components, unfortunately there are no methods available for quantifying the 
steric bulk around a trigonal planar boron centre for use in FLP catalysis.  It has been 
reported in the case of hydrogenation reactions that very bulky FLP components can 
lower the kinetic reactivity and therefore, inhibit H2 activation.
18    Therefore, it is possible 
that steric hindrance around the Lewis acid group in the intramolecular FLP compound 
10 is potentially preventing the activation of the silane and inhibiting the hydrosilylation 
reaction.  Consequently, it is apparent that specific tailoring is required for the inter- and 




























Initially, investigations into the formation of intramolecular carborane based FLPs 
revealed the undesirable reaction of n-BuLi with the carboranylphosphine starting 
material during attempts to append a Lewis acid substituent.  Following this two novel 
borane-protected phosphines, IVBH3 and VIBH3, were isolated and fully characterised.  
The attempted reactions to append catecholboryl substituents to the second carbon vertex 
of a protected-phosphine carborane species IVBH3 appeared promising from 
spectroscopic analysis.  However, the attempted removal of the borane-protecting group 
led to suspected removal of the catecholboryl group. 
 
Exploring a deprotonation route that did not involve the use of n-BuLi, led to the first 
reported deprotonation of the carboranylphosphine IV using the non-nucleophilic base 
LiTMP.  Following this the successful formation of the first intramolecular carborane 
based FLP 10, 1-Bcat-7-PPh2-closo-1,7-C2B10H10, was achieved with 10 fully 
characterised spectroscopically and crystallographically.   
 
The formation of the corresponding selenide, 1-Bcat-7-P(Se)Ph2-closo-1,7-C2B10H10, 
10Se allowed for the comparison of the 1JPSe value obtained (817 Hz) with those of other 
carboranylphosphine selenides investigated in this work.  It was concluded that the 
phosphorus centre in 10 was weakly Lewis basic and the presence of a Lewis acid 
appended on the second carbon vertex of the cage did not significantly affect the Lewis 
basicity.  This result reinforced the findings in Chapters 2 and 3.  The Lewis acidity of 
the catecholboryl-substituent in 10 was assessed by carrying out a modified 
Gutmann-Beckett experiment.  The catecholboryl centre in compound 10 was found to 
be a strong Lewis acid with an AN of 79.1. 
 
It was concluded that the intramolecular FLP carborane 10 possessed a strong Lewis acid 
group and a weak Lewis base group.  Therefore, compound 10 was predicted to be a 
potential candidate for the hydrosilylation of 6,6-dimethylfulevne using 
diphenylmethylsilane.  The intramolecular FLP carborane 10 was tested in the 




active catalyst.  Further optimisation is required for the intramolecular FLP carborane to 
be active in the chosen hydrosilylation reaction, or perhaps this species is best suited to 
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This work has identified the potential use of a carborane scaffold in FLP chemistry and 
aimed to establish the first steps towards carborane FLPs through synthesising a library 
of Lewis acid and Lewis base carboranes.  It has been highlighted that as well as steric 
bulk, the strength of the Lewis acid and base components in an FLP are crucial factors 
for successful catalytic activity.  Consequently, determining the strength of the Lewis acid 
and base carboranes was important as well as exploring the tuneability of these 
compounds for their use as Lewis acid and Lewis base components in FLP catalysis. 
 
6.1.1 Lewis Acid Carboranes 
 
This work expanded the series of Lewis acid carboranes previously reported through the 
synthesis and full characterisation of a new member of the dimesitylboryl-carborane 
family (1), the development of a new family of novel catecholboryl-carboranes (2-4) and 
the formation of the compound µ-2,2ʹ-BPh-{1-(1ʹ-closo-1ʹ,2ʹ-C2B10H10)-closo-1,2-
C2B10H10} (5), a phenylboron centre bearing a 1,1ʹ-bis(ortho-carborane) substituent.   The 
tuneability possible for the acidity of the series of Lewis acid carboranes was investigated 
by obtaining the Acceptor Number (AN) of each compound via a modified 
Gutmann-Beckett method.1, 2  Comparisons of the ANs revealed that structural 
modifications to the carborane cage through substitutions of weakly electron-donating 
(Me) and -withdrawing (Ph) groups at the second carbon vertex of the cage had no impact 
on the Lewis acidity of the trigonal boron centre.   In addition to secondary substitution, 
the impact on the Lewis acidity of different substituents at the trigonal boron centre was 
investigated.  It was concluded that boron centres bearing one or more C-bound C2B10 
cage substituents are highly Lewis acidic in cases where the other substituents at the boron 
centre are not strongly electron-donating.  Therefore, the ability to tune the Lewis acidity 
of the boryl-carboranes was demonstrated only in cases where the substituents directly 
bonded to the boron centre were altered.  The family of catecholboryl-carboranes and 
compound 5 were found to be strong Lewis acids, with ANs higher than that obtained for 
the most frequently used Lewis acid in FLP chemistry, B(C6F5)3.  These compounds were 
identified as potential candidates for Lewis acid components in FLP catalysis.   
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6.1.2 Lewis Base Carboranes 
 
The concept of carborane-based FLP components was extended in Chapter 3 by the 
synthesis and full characterisation of four novel carboranylphosphines.  The tuneability 
of the Lewis basicity of carboranylphosphines was tested for the first time by formation 
of ten novel carboranylphosphine selenides and comparison of the 1JPSe values for a series 
of reported and novel Lewis bases carboranylphosphine selenides.  This study concluded 
that appending a C-bound carborane cage to a phosphorus centre will decrease the basicity 
of the phosphine to a greater extent than will a C6F5 group.  It was concluded that the 
Lewis basicity of the phosphorus centre was unaffected by the isomeric form or by any 
secondary substitution to the cage, even in cases where the secondary substituent was a 
strongly electron-withdrawing C2B10 cage. The ability to tune the Lewis basicity was 
possible when; (a) the substituents at the phosphorus centre were altered, (b) an anionic 
nido-carboranylphosphine was formed and (c) the cage vertex to which the phosphine 
was substituted was varied from carbon to boron.  A reasonable correlation was 
established between 1JPSe and the solvated proton affinities (PAs), which allowed for PAs 
to be used as a surrogate in predicting the basicity of carboranylphosphines when the 
corresponding selenide, and therefore 1JPSe, was not attainable.  The work outlined in 
Chapter 3 demonstrated that obtaining the 1JPSe value for the corresponding 
carboranylphosphine selenide can be used to rank the Lewis basicity of the parent 
carboranylphosphine for selection of potential Lewis base FLP components.  
 
6.1.3 Employing Lewis Acid and Lewis Base Carboranes in FLP Catalysis 
 
Lewis acid and Lewis base carboranes were employed as successful FLP components in 
catalysing Michael addition and hydrosilylation reactions.  Ranking the basicity of a 
series of carboranylphosphines and phosphines, and the acidity of a series of 
boryl-carboranes and boron reagents, aided the selection of strong Lewis base and strong 
Lewis acid carboranes for Michael addition and weak Lewis base carboranes and strong 
Lewis acids for hydrosilylation.  This work showed that strong Lewis bases, for example, 
the B-bound carboranylphosphine XV, could in fact be used in conjunction with B(C6F5)3 
to catalyse hydrosilylation but at a reduced rate.  In the cases where the chosen carborane 
components were not active catalysts, the assessment of the Lewis acidity and basicity 
assisted in determining that these compounds were below the threshold required for 
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catalysing the reaction.  In the case of the strongly Lewis acidic carboranes employed in 
hydrosilylation, it was concluded that the strength of the Lewis acid was not the only 
factor which governed successful catalytic activity and the steric bulk around the boron 
centre could be contributing to inhibition of the catalysis.  
 
6.1.4 Routes to Intramolecular FLP Carboranes 
 
Chapter 5 detailed that the use of n-BuLi in the formation of intramolecular FLP 
carboranes was unsuitable due to an undesirable reaction with the phosphine substituent 
of the starting material.  This then prompted the synthesis and characterisation of two 
novel BH3-protected carboranylphosphines.  Unfortunately, these starting materials were 
not suitable for the formation of intramolecular FLP carboranes due to the preference of 
DABCO to remove the catecholboryl substituent instead of the BH3-protecting group.  
The first intramolecular FLP carborane, 1-Bcat-7-PPh2-closo-1,7-C2B10H10 (10), was 
successfully isolated and fully characterised by a synthetic route involving the 
deprotonation of a carboranylphosphine with the non-nucleophilic Brønsted base LiTMP, 
followed by addition of BcatBr.  The assessment of the Lewis acidity and basicity of the 
intramolecular FLP carborane showed that the impact of having both a Lewis acid and 
Lewis base group on the same carborane scaffold had a minor effect on the Lewis acidity 
and basicity of each group, respectively.  This observation reinforced the conclusions 
drawn for Lewis acid and Lewis base carboranes, that secondary substitution on the 
carborane cage does not greatly impact the Lewis acidity and basicity.  This 
intramolecular FLP carborane was a potential candidate for catalysing the chosen 
hydrosilylation reaction due to the presence of a strong Lewis acid and weak Lewis base 
group.  Unfortunately, the intramolecular FLP carborane was not an active catalyst and it 
was concluded that this was due to the steric bulk around the boron centre of the Lewis 
acid group rather than the individual strengths of the Lewis acid and base sites. 
 
6.1.5 Overall Conclusions 
 
In conclusion, this work expanded the library of boryl-carboranes, carboranylphosphines 
and carboranylphosphine selenides and demonstrated for the first time that Lewis acid 
and Lewis base carboranes were active co-catalysts in FLP-mediated Michael addition 
and hydrosilylation.  In the cases where both the Lewis acid and Lewis base were 
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carborane-based, FLP generation was apparent but unfortunately, no catalysis occurred.  
Therefore, further optimisation is required for these systems.  The tuneability and 
versatility of a carborane scaffold for use as FLP components was demonstrated through 
experimentally and computational investigations.  The exceptional tuneability possible 
for Lewis acid and Lewis base carboranes has provided the opportunity for these 
compounds and derivatives to be applied in future applications.  The assessment of the 
Lewis basicity via obtaining the 1JPSe from the corresponding selenide or the calculated, 
solvated proton affinity was highlighted as a useful guide for selecting FLP catalysts prior 




















6.2 Future Work 
 
6.2.1 Further Development of Lewis Acid Carboranes 
 
The attempted isolation of the compounds 1-BCl2-2-R-closo-1,2-C2B10H10 (R = Me, Ph) 
was described in Chapter 2 by initially following the previously reported synthesis by 
Erdyakov et al. (where R = iPr, Et),3 and later adapted by using fluorobenzene as solvent.   
Unfortunately, the isolation and full characterisation of the derivatives attempted in this 
work was not possible due to their high air- and moisture-sensitivity.  These compounds 
are still considered to be appropriate Lewis acid candidates as well as important starting 
materials in their own right.  Therefore, further work to assist in the purification of the 
compounds would involve more rigorous methods for ensuring all solvents were 
thoroughly anhydrous, for example, by drying solvents over molten potassium.  The 
assessment of the Lewis acidity of these compounds via the modified Gutmann-Beckett 
method1 would provide a useful addition to the ANs obtained in this work and would 
allow comparisons to be drawn with other Lewis acid carborane species for use in FLP 
catalysis.  However, it is speculated that the steric bulk around the boron centre in the 
dichloroboryl-carboranes may not be sufficient to prevent the formation of a Lewis adduct 
with a Lewis base.  Therefore, the combination of a dichloroboryl-carborane and a Lewis 
base with sufficient steric bulk may be required to ensure no adduct is formed between 
the two species. 
 
Additional synthetic targets which would be of interest to this work are derivatives of the 
bis(pentafluorophenyl)boryl-carborane 1-B(C6F5)2-2-
iPr-closo-1,2-C2B10H10 previously 
reported by Bubnov and co-workers, which was synthesised from the reaction of the 
corresponding dichloroboryl-carborane and MgBrC6F5.
4  Compounds of the form 
1-B(C6F5)2-2-R-closo-1,2-C2B10H10 would be of great interest to future work in this area 
because the incorporation of the C6F5 groups at the boron centre would allow for more 
direct comparisons of these Lewis acid carboranes and the frequently used Lewis acid 
B(C6F5)3 to be made.  Additionally, the incorporation of C6F5 groups at the boron centre 
could potentially assist in catalytic reactions previously reported in this work, such as 
hydrosilylations, which were only successful in cases whereby FLPs were generated with 
B(C6F5)3 as the Lewis acid component.  It was speculated that the steric bulk around the 
boron centre in the catecholboryl-carboranes could have been preventing the activation 
of the silane substrate.  However, testing 1-B(C6F5)2-2-R-closo-1,2-C2B10H10 species 
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would allow for partial conclusions to be drawn about whether the presence of the C6F5 
groups were an important factor that should be included in the catalytic design for Lewis 
acid components in hydrosilylations. 
 
The electron-withdrawing capability of a C-bound C2B10 cage has previously been 
reported,5-7 and was also demonstrated within this work for Lewis acid and Lewis base 
carboranes.  Furthermore, this work showed from the 1JPSe for the selenides of PPh2(C6F5) 
and 1-PPh2-closo-1,2-C2B10H11 that the latter was a weaker base due to the stronger 
electron-withdrawing capabilities of the C-bound C2B10 cage on the phosphorus centre in 
comparison to the C6F5 group.  Therefore, appending one or two C-bound C2B10 cages to 
a trigonal boron centre was shown to generate highly Lewis acidic species with ANs 
greater than that for B(C6F5)3.  Consequently, appending three C-bound C2B10 cages to a 








Scheme 6.1 A suggested synthetic route to the unknown compound 11 by reaction of 
1-R-closo-1,2-C2B10H11, n-BuLi and BCl3.  Compound 11 is predicted to 
be highly Lewis acidic. 
 
A suggested synthetic route to compound 11 is detailed in Scheme 6.1.  The use of a 
carborane starting material which has one of the cage carbon vertices already substituted 
will potentially aid the formation of the desired compound and reduce side-reactions.  It 
was shown in this work that the presence of any secondary substitution on the carborane 
cage has a negligible effect on the Lewis acidity of the boron centre.  Therefore, the 
presence of the R groups on the carborane cages in compound 11 is not predicted to affect 
the Lewis acidity of the boron centre of this species.  It should be noted that the presence 
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of the R groups may contribute to additional steric hindrance around the boron centre.  
The Lewis acid carboranes described in this Chapter and the 1,1ʹ-bis(ortho-carborane) 
based Lewis acid, compound 5, described in Chapter 2 have the potential to be applied in 




6.2.2 Ranking the Steric Bulk of Lewis Acids 
 
The Lewis acid and Lewis base components of an FLP are required to have a minimum 
degree of steric bulk to avoid the formation of a classic adduct.  Contrastingly, it is 
possible that exceedingly high steric bulk of either the Lewis acid or base component 
could inhibit catalytic activity, especially in cases when bulky substrates are also 
involved.  In this work it was speculated that the steric bulk around the boron centre in 
the Lewis acid carboranes 2-4 was a contributing factor to the lack of catalytic activity 
for the hydrosilylation reaction.  There are methods for quantifying the steric bulk of 
Lewis base components, such as percentage buried volume (%VBur).
10, 11  However, this 
approach is not viable for Lewis acidic boron centres with trigonal planar geometries.  To 
the best of our knowledge, there is only one report which investigates the effect of the 
steric bulk of boron hydrides in reduction reactions12 and there are no reports relating to 
ranking the steric bulk of trigonal boron species.  We would predict that assessing the 
steric bulk of the trigonal planar boron centre in the Lewis acid would be useful prior to 
any interaction with the chosen substrate, as well as additionally assessing the steric bulk 
as the geometry of the boron centre becomes tetrahedral upon interaction with the 
substrate.  Both of these assessments could aid in identifying whether the steric bulk 
around the boron centre in a Lewis acid could potentially inhibit the chosen catalysis.  
Therefore, we predict that ranking the steric bulk of Lewis acids could be useful not only 
for future applications with Lewis acid carboranes, but with other Lewis acids employed 
in FLP catalysis. 
 
6.2.3 Directed Synthesis using Computational Chemistry 
 
In Chapter 3 it was established that there was a reasonable correlation between 
experimental 1JPSe and solvated proton affinity (PA).  Therefore, the solvated proton 
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affinities were used as a surrogate for cases when the selenide of the corresponding 
carboranylphosphine was not attainable, such as steric crowding or expense of starting 
material.  Additionally, it is possible for the proton affinities to be calculated for unknown 
species which may be desirable synthetic targets.  The calculated proton affinity for the 
unknown compound would give an insight into its Lewis basicity which is useful prior to 
its use in FLP catalysis.  A synthetic target identified by the solvated PA calculations 
(carried out by Dr N. Fey and D. Durand from the University of Bristol) was the unknown 
species 12, which has a PA of 234.4 kcal mol-1, lower than all the PA values of the Lewis 
bases assessed in Chapter 3, Figure 6.1.  This exceptionally low basicity of 12 was 
predicted due to the presence of two electron-withdrawing substituents, one C-bound 
1,1ʹ-bis(ortho-carborane) substituent and one C-bound C2B10 cage substituent, directly at 
the phosphorus centre.  The relationship established between 1JPSe and the solvated PA 
suggested that 12 would be very weakly basic with a predicted 1JPSe of ca. 938 Hz 
(calculated using Graph 3.2), which would make it the weakest carboranylphosphine 
reported to date. 
 
Figure 6.1 Currently unknown carboranylphosphine 12 which is predicted to be very 
weakly Lewis basic.  Two retrosynthetic routes are shown. 
 
The isolation of compound 12 could potentially be achieved by the reaction of 
µ-2,2ʹ-PCl{1-(1ʹ-closo-1ʹ,2ʹ-C2B10H10)-closo-1,2-C2B10H10} (XXI), which was 
previously reported by Johnson and Knobler,13 and lithiated ortho-carborane (formed 
from the reaction of n-BuLi and ortho-carborane).  Oleshkevich et al. have reported the 
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isolation of 1-PCl2-2-Me-closo-1,2-C2B10H10 and 1-PCl2-7-R-closo-1,7-C2B10H10 (where 
R = H, Me).14  Therefore, an alternative synthetic route to 12 could involve the reaction 
of any of these compounds reported by Oleshkevich et al.,14 or the unreported derivative 
1-PCl2-closo-1,2-C2B10H11, with dilithiated 1,1ʹ-bis(ortho-carborane) [formed from the 
reaction of n-BuLi and 1,1ʹ-bis(ortho-carborane)]. 
 
Additionally, in this work it was established that an increase in the basicity at the 
phosphorus centre was apparent from the emergence of an anionic charge during the 
conversion of a closo- to a nido-carboranylphosphine.  Equally, it was previously reported 
that B-bound carboranylphosphines are stronger Lewis bases than their positional, 
C-bound isomers.15  This was demonstrated in this work from the decrease in the 1JPSe 
value for the selenide of 1-PPh2-closo-1,7-C2B10H11 (IV, C-bound, 797 Hz) compared to 
that for the selenide of 9-PPh2-closo-1,7-C2B10H11 (XV, B-bound, 704 Hz).  Therefore, it 
was speculated that the B-bound carboranylphosphines 13 and 14 would have greater 
basicities at the phosphorus centres than that of the neutral B-bound 12-vertex 
carboranylphosphine XV due to the presence of the anionic charge, Figure 6.2.  This was 
confirmed from the solvated proton affinities of 13 (289.9 kcal mol-1) and 14 
(290.1 kcal mol-1) which are greater than that calculated for XV (280.3 kcal mol-1).  
Therefore, anions 13 and 14 are predicted to be strongly Lewis basic and would be 
interesting synthetic targets for Lewis base components of an FLP.  As anion 14 has a 
smaller cage scaffold, which has not previously been tested, it would be of interest to 







Figure 6.2 Currently unknown anionic, B-bound carboranylphosphines 13 and 14 




In conclusion, there is the possibility of calculating computationally the solvated proton 
affinities of carboranylphosphines appended to carborane cages of varying size, vertices 
of substitution and charge to give an more detailed insight into the inductive effects of 
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Chapter 7: Experimental 
 
7.1 General Experimental 
 
Synthesis 
All experiments were performed under dry, oxygen-free N2 using standard Schlenk 
techniques, although subsequent manipulations were sometimes performed in the open 
laboratory.  Solvents were freshly distilled under nitrogen from the appropriate drying 
agent [THF, 40-60 petroleum ether (petrol) and diethyl ether; sodium wire: DCM; 
calcium hydride] and were degassed (3 × freeze-pump-thaw cycles) immediately before 
use.  Toluene and fluorobenzene were stored over 4 Å molecular sieves and degassed 
before use.  Deuterated solvents for NMR spectroscopy [CDCl3, CD2Cl2, CD3CN, 
(CD3)2CO] were stored over 4 Å molecular sieves prior to use.  Additional drying 
procedures were carried out for C6D6 (distilled under N2 from molten potassium) before 
being stored over 4 Å molecular sieves in the glovebox.  Preparative thin-layer 
chromatography (TLC) employed 20×20 cm Kieselgel F254 glass plates and column 
chromatography used 60 Å silica as the stationary phase.   
 
Analysis 
NMR spectra at 400.1 MHz (1H), 128.4 MHz (11B), 162.0 MHz (31P), 376.5 MHz (19F) 
and 76.4 MHz (77Se) were recorded on a Bruker AVIII-400 spectrometer from 
appropriate deuterated solutions at 298 K.  1H NMR spectra were referenced to internal 
residual protio-solvent resonances and 11B, 31P, 19F and 77Se NMR spectra were 
referenced to external samples of BF3.OEt2, 85% H3PO4 in H2O, CFCl3, and Me2Se 
respectively.  Elemental analyses were conducted using an Exeter CE-440 elemental 
analyser.  Electron ionisation mass spectrometry (EIMS) was carried out using a Finnigan 
MAT900XP-Trap mass spectrometer at the University of Edinburgh.   
 
Crystallography 
General methodologies used to obtain single crystals suitable for diffraction included 
solvent diffusion and slow evaporation.  The specific technique and conditions used for 
each compound are stated in each case.  Diffraction data from compounds 1, 7, IVSe, 
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VSe, VISe, VIISe2, 8, 8Se, XIIISe and XVSe were collected at 100 K using a Bruker X8 
APEXII diffractometer operating with Mo-Kα radiation.  Data from 10 was obtained at 
100 K on a Bruker D8 Venture diffractometer equipped with Mo-Kα radiation.  Data from 
2, 3, 4, 6Se, 7Se2, 9Se, IVBH3, and VIBH3 were measured at 120 K on a Rigaku Oxford 
Diffraction SuperNova diffractometer at the University of Edinburgh, with compounds 2, 
3 and 9Se using Cu-Kα radiation and the remaining compounds using Mo-Kα radiation.  
Data from IV was obtained at 150 K on a Bruker D8 Venture diffractometer equipped 
with Mo-Kα radiation at the University of Glasgow.    All crystals were obtained without 
occluded solvent except for 9Se, which crystallised with 0.5 molecules of 
2,3-dimethybutane per molecule of 9Se, i.e. 9Se·0.5C6H14.  Within OLEX2
1 structures 
were solved by direct methods using the SHELXS2 or SHELXT3 programme, and refined 
by full-matrix least-squares using SHELXL.4  In all cases the crystallographic models 
were fully ordered.  Cage C atoms bearing only H substituents were clearly distinguished 
from B atoms using both the Vertex-Centroid Distance (VCD) and Boron-Hydrogen 
Distance (BHD) methods,5-7 the latter requiring positional refinement of CcageH and BH 
atoms.  In XIIISe the PH atom and in 8 and 8Se the BHB bridging atoms were also 
positionally refined.  All other H atoms were treated as riding on their respective C atom, 
with Cprimary−H 0.98 Å, Csecondary−H 0.99 Å, Ctertiary−H 1.00 Å and Cphenyl−H 0.95 Å.   
 
Starting Materials 
Dimesitylboryl-carboranes II and III were synthesised according to literature methods.8  




17 were prepared according to the literature.  Adaption of the 
established procedure for the [NMe4]
+ salt allowed for the synthesis of 8.12  Compound 
VII was isolated as a by-product from the synthesis of IV.  Compound XII was obtained 
as a side product in the synthesis of 9 and identified from reported spectra.12  All other 
reagents were purchased from commercial sources (Sigma Aldrich, Fluorochem, Acros 
Organics, Katchem) and used without further purification. 
 
Percentage Buried Volume (%VBur) 
The %VBur values were calculated using the SambVca software
18 which was accessed via 
http://www.molnac.unisa.it/OMtools/sambvca.php.  The P-M distance was set to 2.28 Å 
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and a sphere of radius 3.5 Å was used.  No H atoms were included and scaled Bondi radii 
were used. 
 
Modified Gutmann-Beckett Method for Acceptor Number Determination 
A modified Gutmann-Beckett method19, 20 was employed to obtain Acceptor Numbers 
(ANs) for the Lewis acids.  The Lewis acid (0.11 mmol) was dissolved in C6D6 (1 mL), 
triethylphosphine oxide (5.0 mg, 0.037 mmol) was added and the solution transferred to 
a J. Young NMR tube.  From the 31P{1H} NMR spectrum the AN was calculated using 
the equation below, where δ(1) = 41.0 ppm (Et3PO in hexane), δ(2) = 86.1 ppm (Et3PO-
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7.2 1-BMes2-2-Me-closo-1,2-C2B10H10 (1) 
  
A toluene solution (15 mL) of 1-Me-closo-1,2-C2B10H11 (150 mg, 0.95 mmol) was cooled 
to 0 °C before n-BuLi (0.76 mL, 1.04 mmol) was added dropwise. The solution was 
warmed to room temperature and stirred for 1 h.  A toluene solution (5 mL) of FBMes2 
(280 mg, 1.04 mmol) was added dropwise to the stirring solution before being heated to 
reflux for overnight. The solution changed from a white suspension to a pale yellow 
solution.  The product mixture was then washed with water (2 x 5 mL) and saturated 
sodium chloride solution (10 mL).  The combined organic phases were dried over sodium 
sulfate and solvent removed.  The product residue was washed with petrol to remove any 
impurities and the product was obtained as a white solid.  Crystals suitable for SCXRD 
were obtained from a slow evaporation of a concentrated fluorobenzene solution of 1. 
 
Yield: 308 mg, 80%. 
CHN: calcd for C21H35B11: C: 62.1%, H: 8.68%. Found: C: 62.0%, 
H: 8.61 %. 
1H NMR (CDCl3): 6.79 (s, 4H, Mes), 2.47 (s, 12H, Mes), 2.24 (s, 6H, Mes), 1.46 
(s, 3H, CH3). 
11B{1H} NMR (CDCl3): 81.4 (1B), 3.2 (1B), -4.9 (2B), -8.2 (5B), -9.7 (2B). 
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7.3 1-Bcat-closo-1,2-C2B10H11 (2) 
 
A toluene solution (25 mL) of closo-1,2-C2B10H12 (0.36 g, 2.5 mmol) was cooled to 0 
oC 
before n-BuLi (1.79 mL, 2.75 mmol) was added dropwise, and the solution allowed to 
warm to room temperature and stir for 16 h causing a white suspension to form.  The 
solution was frozen at -196 °C and BrBcat (0.547 g, 2.75 mmol) was added in one portion 
to the frozen mixture.  The reagents were allowed to warm to room temperature for 15 
mins before being heated to reflux for 16 h.  The suspension was allowed to cool to room 
temperature and toluene soluble materials were transferred via cannula and evaporated.  
The toluene insoluble materials were washed with petrol (2 x 20 mL) and the solution 
combined with the toluene soluble materials and evaporated to a colourless residue.  This 
residue was then extracted with petrol (3 x 10 mL) and the petrol solution was transferred 
via cannula and evaporated to a white solid.  The product was then sublimed under 
vacuum and the cold finger transferred to a Schlenk tube under an inert atmosphere 
containing petrol (10 mL).  The sublimate was washed off the cold finger with the petrol 
and evaporated to dryness in vacuo to yield the product as a white solid.  Crystals suitable 
for SCXRD were grown from the slow evaporation of a concentrated petrol solution of 
2.  
  
Yield: 490 mg, 49%. 
CHN: calcd for C8H15B11O2: C: 36.6%, H: 5.77%. Found: 
C: 36.3%, H: 6.00 %. 
1H NMR (C6D6): 6.80-6.77 (m, 2H, C6H4), 6.72-6.69 (m, 2H, C6H4), 2.93 (br. 
s, 1H, CHcage).   
11B{1H} NMR (C6D6): 29.4 (1B), 0.8 (1B), -1.0 (1B), -7.0 (2B), -11.3 (2B), -12.3 
(4B). 
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7.4 1-Bcat-2-Me-closo-1,2-C2B10H10 (3) 
 
A toluene solution (50 mL) of 1-Me-closo-1,2-C2B10H11 (0.80 g, 5.06 mmol) was cooled 
to 0 °C before n-BuLi (3.89 mL, 5.99 mmol) was added dropwise.  The solution was 
allowed to warm to room temperature and stirred for 10 mins before being heated to 65 °C 
for 1 h causing a white suspension to form.  The solution was frozen at -196 °C and 
BrBcat (1.09 g, 5.40 mmol) was added in one portion to the frozen mixture.  The solution 
was allowed to warm to room temperature for 15 mins before being heated to reflux for 
16 h.  The suspension was allowed to cool to room temperature and toluene soluble 
materials were transferred via cannula and concentrated.  The residue was then extracted 
with cold petrol (0 °C, 3 x 5 mL) and the petroleum ether soluble materials was transferred 
via cannula and evaporated to a white solid.  Impurities were then removed via vacuum 
sublimation and the product isolated as a white solid.  Crystals suitable for SCXRD were 
grown from the slow evaporation of a concentrated petrol solution of 3.   
 
Yield: 980 mg, 70%. 
1H NMR (C6D6): 6.82-6.79 (m, 2H, C6H4), 6.69-6.67 (m, 2H, C6H5), 1.52 (s, 
3H, CH3). 
11B{1H} NMR (C6D6): 29.2 (1B), 2.1 (1B), -4.7 (1B), -7.2 (2B), -7.8 to -10.8 (6B). 
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7.5 1-Bcat-2-Ph-closo-1,2-C2B10H10 (4) 
 
1-Ph-closo-1,2-C2B10H11 (300 mg, 1.36 mmol) was dissolved in THF (20 mL) and cooled 
to 0 °C before n-BuLi (1.02 mL, 1.63 mmol) was added dropwise.  The colourless solution 
turned a pale pink colour and was stirred at 0 °C for another 0.5 h before being warmed 
to room temperature and heated to 65 °C for 1 h.  The pale yellow solution was then 
allowed to cool to room temperature and evaporated to dryness.  Anhydrous toluene 
(25 mL) was then added. The pale yellow solution was then cooled to -78 °C for the 
addition of a toluene solution of BrBcat (324 mg, 1.63 mmol).  A purple solution with a 
blue precipitate formed and the reaction mixture was heated to reflux overnight. The 
purple solution was transferred via cannula to a second Schlenk tube along with toluene 
washings (2 x 20 mL) and evaporated to a purple solid.  The purple solid was washed 
with petrol (2 x 50 mL) and the soluble materials isolated as a white solid.  Excess 
1-Ph-closo-1,2-C2B10H11 was removed via sublimation. Colourless crystals suitable for 
SCXRD were grown from a concentrated fluorobenzene solution of 4. 
 
Yield: 205 mg, 45%. 
CHN: calcd for C14H19B11O2: C: 49.7%, H: 5.66%. Found: C: 
49.2%, H: 5.66%. 
1H NMR (C6D6): 7.44-7.41 (m, 2H, C6H4), 6.74-6.71 (m, 1H, C6H5), 6.67-6.61 
(m, 4H, C6H5), 6.53-6.20 (m, 2H, C6H4). 
11B{1H} NMR (C6D6): 28.9 (1B), 2.4 (1B), -2.4 (1B), -7.3 (2B), -8.3 (2B), -9.7 (2B), 
-10.7 (2B). 
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7.6  µ-2,2ʹ-BPh-{1-(1ʹ-closo-1ʹ,2ʹ-C2B10H10)-closo-1,2-C2B10H10} (5) 
 
A fluorobenzene (15 mL) solution of 1,1ʹ-bis(ortho-carborane) (250 mg, 0.93 mmol) was 
cooled to 0 °C before the dropwise addition of n-BuLi (1.27 mL, 1.95 mmol).  The 
colourless solution was warmed to room temperature and stirred for 1 h.  The pale yellow 
solution was cooled to 0 °C and BPhCl2 (0.12 mL, 0.93 mmol) was added dropwise before 
being heated to reflux for 2 h. The yellow solution was allowed to cool before being 
filtered from the white solid which had formed.  The fluorobenzene soluble materials 
were then evaporated to dryness in vacuo to yield a dark yellow solid. 
 
 
Yield: 150 mg, 44%. 
1H NMR (C6D6): 8.29-8.26 (m, 1H, C6H5), 7.98-7.96 (m, 2H, C6H5), 6.93-6.89 
(m, 2H, C6H5). 
11B{1H} NMR (C6D6): 58.5 (1B), 3.4 (2B), -2.4 (2B), -6.0 (8B), -7.5 
(4B), -11.3 (4B).   
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7.7 1-(1ʹ-closo-1ʹ,7ʹ-C2B10H11)-7-PPh2-closo-1,7-C2B10H10 (6) 
 
A toluene solution (25 mL) of 1,1ʹ-bis(meta-carborane) (300 mg, 1.05 mmol) was cooled 
to 0 °C before n-BuLi (0.85 mL, 1.36 mmol) was added dropwise. The pale yellow 
suspension was stirred for 2 h at room temperature.  ClPPh2 (0.25 mL, 1.36 mmol) was 
added to the carborane solution dropwise at 0 °C.  The suspension turned from yellow to 
white and was stirred overnight at room temperature.  Toluene (2 x 5 mL) was added to 
the reaction mixture and the soluble materials were filtered off and concentrated to a white 
solid.  The product was purified by preparative TLC (30:70 DCM:petrol, Rf = 0.65) and 
was isolated as a white solid.  During purification, 7 is also isolated (47 mg, 7%). 
 
 
Yield: 136 mg, 28%. 
1H NMR (CDCl3): 7.78-7.73 (m, 4H, C6H5), 7.49-7.43 (m, 6H, C6H5), 2.91 (br 
s, 1H, CHcage). 
11B{1H} NMR (CDCl3): -1.1 to -5.9 (3B), -5.9 to -15.8 (17B). 
31P{1H} NMR (CDCl3):  20.7 (s). 
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7.8 1-(1ʹ-closo-1ʹ,7ʹ-C2B10H11)-7-P(Se)Ph2-closo-1,7-C2B10H10 (6Se) 
 
Elemental selenium (161 mg, 1.91 mmol) was added to a CDCl3 solution of 6 (30 mg, 
0.064 mmol) in a J. Young NMR tube.  The tube was heated to 70 °C overnight before 
the solution was filtered to remove excess selenium which was then washed with DCM.  
The combined solutions were then concentrated to a white solid.  Crystals suitable for 
SCXRD were grown from a concentrated DCM solution of 6Se layered with petrol. 
 
Yield: 31 mg, 90% 
1H NMR (CDCl3): 8.24-8.19 (m, 4H, C6H5), 7.60-7.50 (m, 6H, C6H5), 2.94 (br 
s, 1H, CHcage). 
11B{1H} NMR (CDCl3): 2.1 to -6.5 (3B), -6.5 to -20.8 (17B). 
31P{1H} NMR (CDCl3):  46.2 (s + Se satellites, 1JPSe= 802 Hz). 
77Se NMR (CDCl3):  -204.7 (d, 1JPSe = 803 Hz). 
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7.9 1-(1ʹ-7ʹ-PPh2-closo-1ʹ,7ʹ-C2B10H10)-7-PPh2-closo-1,7-C2B10H10 (7) 
 
A toluene solution (30 mL) of 1,1ʹ-bis(meta-carborane) (300 mg, 1.05 mmol) was cooled 
to 0 °C before n-BuLi (1.96 mL, 3.14 mmol) was added dropwise.  The pale yellow was 
warmed to room temperature and stirred for 2 h.  ClPPh2 (0.58 mL, 3.14 mmol) added to 
the carborane solution dropwise at 0 °C.  The yellow suspension turned to white and was 
stirred overnight at room temperature.  The reaction mixture was diluted with toluene 
(2 x 5 mL) and filtered.  The toluene solution was evaporated to dryness and the product 
purified via preparative TLC (30:70, DCM:petrol) (Rf = 0.47) and isolated as a white 
solid.  During purification, 6 is also isolated (54 mg, 11%).  Crystals suitable for SCXRD 
were grown from a concentrated fluorobenzene solution of 7 layered with petrol.   
 
Yield: 50 mg, 11%. 
1H NMR (CDCl3): 7.65-7.61 (m, 8H, C6H5), 7.42-7.33 (m, 12H, C6H5).  
11B{1H} NMR (CDCl3): -1.2 to -6.3 (4B), -6.3 to -15.8 (16B). 
31P{1H} NMR (CDCl3):  20.6 (s). 
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7.10 1-{1ʹ-7ʹ-P(Se)Ph2-closo-1ʹ,7ʹ-C2B10H10}-7-P(Se)Ph2-closo-1,7-C2B10H10 (7Se2) 
 
To a toluene solution of 7 (20 mg, 0.03 mmol) elemental selenium (72.4 mg, 0.92 mmol) 
was added and the suspension heated to reflux overnight.  The reaction mixture was 
allowed to cool before being filtered to remove excess selenium.  The solid was washed 
with DCM and the solutions were combined and concentrated to a white oil.  Crystals 




Yield:  17 mg, 68%. 
1H NMR (CDCl3):  8.16-8.11 (m, 8H, C6H5), 7.52-7.45 (m, 12H, C6H5). 
11B{1H} NMR (CDCl3):  0.8 to -3.7 (2B), -3.7 to -6.9 (2B), -6.9 to -18.8 (16B). 
31P{1H} NMR (CDCl3):  46.2 (s + Se satellites, 1JPSe= 802 Hz). 
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7.11 1-PPh2-closo-1,7-C2B10H11 (IV) 
 
A toluene solution (20 mL) of closo-1,7-C2B10H12 (0.85 g, 5.89 mmol) was cooled to 0 
oC 
before the dropwise addition of n-BuLi (4.65 mL, 7.07 mmol).  The colourless solution 
was allowed warm to room temperature before being heated to 60 oC for 1 h.  The solution 
was allowed to cool to room temperature before being stirred for 72 h.  The suspension 
was cooled to 0 oC and ClPPh2 (1.7 mL, 6.48 mmol) was added dropwise over the course 
of 5 mins.  The white suspension was allowed to warm to room temperature and stirred 
for 16 h.  The reaction was quenched with water (15 mL) before the solution was diluted 
with DCM (10 mL).  The organic phase was isolated and aqueous phase was extracted 
with DCM (3 x 10 mL).  The organic phases were combined and the volatiles removed 
under reduced pressure to yield a white oil.  The oil was then sublimed to remove residual 
closo-1,7-C2B10H12.  The solid was purified via column chromatography (20:80, 
DCM:petrol, Rf = 0.64) to yield the product as a white crystalline solid.  Crystals suitable 
for SCXRD were grown from the slow evaporation of a DCM/petrol mixture of IV.  
During purification, the disubstituted analogue VII was also isolated (301 mg, 10%). 
 
Yield: 1.12 g, 57%. 
CHN: calcd for C14H21B10P: C: 51.2%, H: 6.50%. Found: C: 51.2%, 
H: 6.55%. 
1H NMR (C6D6): 7.76-7.71 (m, 4H, C6H5), 7.06-7.04 (m, 6H, C6H5), 2.1 (br s, 
1H, CHcage).   
11B{1H} NMR (C6D6): -3.6 (1B), -6.1 (1B), -9.3 (2B), -10.2 (2B), -12.2 (2B), -14.8 
(2B).   
31P{1H} NMR (C6D6): 19.81 (s). 












































 232   
 
7.12 1-P(Se)Ph2-closo-1,7-C2B10H11 (IVSe) 
 
1-PPh2-closo-1,7-C2B10H11 (100 mg, 0.31 mmol) was dissolved in toluene (15 mL) and 
elemental selenium (240 mg, 3.04 mmol) was added.  The suspension was heated to reflux 
overnight before being allowed to cool to room temperature.  The excess selenium was 
filtered off and washed with DCM.  The solvent was concentrated to yield a white solid. 
Colourless crystals were grown from slow evaporation of a concentrated fluorobenzene 
solution of IVSe.  
 
Yield: 82 mg, 66%. 
CHN: calcd for C14H21B10PSe: C: 41.3%, H: 5.2%. Found: C: 
41.0%, H: 5.23%. 
1H NMR (CDCl3): 8.27-8.22 (m, 4H, C6H5), 7.59-7.48 (m, 6H, C6H5), 2.97 (br 
s, 1H, CHcage). 
 11B{1H} NMR (CDCl3): -4.1 (1B), -4.7 (1B), -9.8 (2B), -10.5 (2B), -12.3 (2B), -14.5 
(2B). 
31P{1H} NMR (CDCl3):  45.2 (s + Se satellites, 1JPSe= 797 Hz). 
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7.13 SePPh2(C6F5) (VSe)  
 
PPh2(C6F5) (150 mg, 0.43 mmol) was dissolved in toluene (15 mL) and elemental 
selenium (331 mg, 4.20 mmol) was added.  The reaction mixture was heated to reflux 
overnight before being allowed to cool to room temperature. Excess selenium was 
allowed to settle before being filtered off.  The filtrate was concentrated to a pale pink 
solid.  Crystals suitable for SCXRD were grown from slow evaporation of a concentrated 
fluorobenzene solution of VSe. 
 
Yield: 104 mg, 56%. 
CHN: calcd for C18H10F5PSe: C: 50.1%, H: 2.34%. Found: C: 
50.1%, H: 2.34%. 
1H NMR (CDCl3): 7.99-7.92 (m, 4H, C6H5), 7.58-7.47 (m, 6H, C6H5). 
 19F NMR (CDCl3): -126.9 (m, 2F, C6F5), -147.1 (m, 2F, C6F5), -158.8 (m, 1F, 
C6F5). 
31P{1H} NMR (CDCl3):  20.4 (m + Se satellites, 1JPSe= 774 Hz). 
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7.14 1-Se(PPh2)-closo-1,2-C2B10H11 (VISe) 
 
1-PPh2-closo-1,2-C2B10H11 (150 mg, 0.37 mmol) was dissolved in toluene (15 mL) and 
elemental selenium (360 mg, 4.56 mmol) was added.  The suspension was heated to reflux 
overnight before being allowed to cool to room temperature.  The excess selenium was 
filtered off and washed with DCM.  The solvent was concentrated to yield a white solid.  
Colourless crystals suitable for SCXRD were grown from slow evaporation of a 
concentrated CDCl3 solution of VISe.  
 
Yield: 106 mg, 56%.  
CHN: calcd for C14H21B10PSe: C: 41.3%, H: 5.2%. Found: C: 
40.8%, H: 5.06%. 
1H NMR (CDCl3): 8.28-8.22 (m, 4H, C6H5), 7.64-7.52 (m, 6H, C6H5), 4.80 (br 
s, 1H, CHcage). 
11B{1H} NMR (CDCl3): -0.5 (1B), -2.5 (1B), -7.2 (2B), -11.0 (2B), -12.8 (4B). 
31P{1H} NMR (CDCl3): 50.7 (s + Se satellites, 1JPSe= 799 Hz).   
77Se NMR (CDCl3):  -259.6 (d, 1JPSe = 799 Hz). 
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7.15 1,7-(PPh2)2-closo-1,7-C2B10H10 (VII) 
  
Compound VII was isolated as a by-product from the synthesis of IV via column 
chromatography (20: 80, DCM: petrol, Rf = 0.38). 
 
Yield: 301 mg, 10%. 
CHN: calcd for C26H30B10P2: C: 60.9%, H: 5.90%. Found: 
C: 60.8%, H: 5.80%. 
1H NMR (C6D6): 7.72-7.68 (m, 8H, C6H5), 7.47-7.39 (m, 12H, C6H5).  
11B{1H} NMR (C6D6): -3.3 (2B), -8.7 (6B), -12.7 (2B).  
31P{1H} NMR (C6D6): 20.1 (s). 
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7.16 1,7-{P(Se)Ph2}2-closo-1,7-C2B10H10 (VIISe2) 
 
1,7-(PPh2)2-closo-1,7-C2B10H10 (VII, 150 mg, 0.22 mmol) was dissolved in toluene 
(15 mL) and elemental selenium (530 mg, 6.6 mmol) was added.  The suspension was 
heated to reflux for 16 h before being allowed to cool to room temperature.  The excess 
selenium was filtered off and washed with DCM.  The solvent was concentrated to yield 
a white solid.  Crystals were grown from slow evaporation of a concentrated DCM 
solution of VIISe2. 
 
Yield: 110 mg, 57%. 
CHN: calcd for C26H30B10P2Se2: C: 46.6%, H: 4.51%. Found: C: 
46.8%, H: 4.63%. 
1H NMR (CDCl3): 8.21-8.15 (m, 8H, C6H5), 7.58-7.46 (m, 12H, C6H5). 
 11B{1H} NMR (CDCl3): -2.6 (2B), -9.2 (6B), -12.3 (2B). 
31P{1H} NMR (CDCl3): 46.4 (s + Se satellites, 1JPSe= 804 Hz). 
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7.17 [BTMA][7-PPh2-nido-7,8-C2B9H11] (8) 
 
A piperidine solution (7.52 mL, 76 mmol) of 1-PPh2-closo-1,2-C2B10H11 (VISe, 500 mg, 
1.52 mmol) was heated to reflux for 0.5 h before being allowed to cool and stir at room 
temperature for 0.5 h.  Toluene (20 mL) was then added and the reaction mixture was 
heated to reflux for 28 h.  The solution was then concentrated to an oil and dried under 
vacuum to remove excess piperidine.  Toluene (5 mL) was added and the solution 
evaporated to dryness.  This procedure was repeated a further two times to ensure the 
removal of piperidine which solubilizes the product.  The solid was then dissolved in 
ethanol (5 mL) and an excess aqueous solution of [BTMA]Cl was added.  The solid was 
filtered off and isolated.  The aqueous solution was evaporated down to an oil and water 
(5 mL) was added to obtain further product, which appears as a white solid.  The white 
solids were combined and isolated.  Crystals suitable for SCXRD were grown from a 
concentrated DCM solution of 8 layered with petrol. 
 
Yield: 427 mg, 60%. 
CHN: calcd for C24H37B9NP: C: 61.6%, H: 7.97%, N: 2.99%. 
Found: C: 60.7%, H: 8.04%, N: 3.13%. 
1H NMR [(CD3)2CO]: 7.86-7.27 (m, 15H, C6H5), 4.49 (s, 2H, CH2), 3.10 (s, 9H, 
CH3), 1.88 (br s, 1H, CHcage). 
11B{1H} NMR [(CD3)2CO]: -8.7 (1B), -9.4 (1B), -14.8 (2B), -15.6 (1B), -17.6 (1B), 
-20.4 (1B), -32.2 (1B), -36.0 (1B).   
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7.18 [BTMA][7-P(Se)Ph2-nido-7,8-C2B9H11] (8Se) 
 
1-P(Se)Ph2-closo-1,2-C2B10H11 (8, 120 mg, 0.29 mmol) was dissolved in ethanol (30 mL) 
and piperidine (0.28 mL, 2.9 mmol) was added. The solution was heated to reflux 
overnight before being allowed to cool to room temperature and evaporated to colourless 
oil.  Excess piperidine was removed through dissolving the oil in the minimal volume of 
toluene and evaporating to dryness.  This was repeated several times.  The oil was then 
dissolved in ethanol (10 mL) and an excess aqueous solution of [BTMA]Cl was added 
forming a white precipitate.  The white solid was collected via filtration and isolated.  
Crystals suitable for SCXRD were grown from a concentrated DCM solution of 8 layered 
with petrol. 
 
Yield: 70 mg, 44%. 
CHN: calcd for C24H37B9NPSe: C: 52.7%, H: 6.82%, N: 
2.56%. Found: C: 52.2%, H: 6.91%, N: 2.57%. 
1H NMR [(CD3)2CO)]: 7.94-7.11 (m, 15H, C6H5), 4.75 (s, 2H, CH2), 3.32 (s, 9H, 
CH3), 2.43 (br s, 1H, CHcage), -2.63 (br s, 1H, µ-BH). 
 11B{1H} NMR [(CD3)2CO]: -8.5 (1B), -10.0 (1B), -13.3 (1B), -14.4 (2B), -18.4 (1B), 
-19.2 (1B), -31.2 (1B), -35.5 (1B). 
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7.19 1-{PPh-(1ʹ-closo-1ʹ,2ʹ-C2B10H11)}-closo-1,2-C2B10H11 (9) 
 
A diethyl ether solution (15 mL) of closo-1,2-C2B10H12 (300 mg, 2.08 mmol) was cooled 
to 0 °C before n-BuLi (1.35 mL, 2.08 mmol) was added dropwise.  The solution was 
stirred at 0 °C for 0.5 h before being warmed to room temperature and stirred for 1 h.  The 
solution was cooled to 0 °C before the dropwise addition of PPhCl2 (0.14 mL, 1.04 mmol).  
The white suspension was stirred overnight at room temperature and was heated to reflux 
for 2 h.  The solution was filtered from the lithium salts and evaporated to afford a white 
solid.  The product was purified via preparative TLC (20:80, DCM:petrol, Rf = 0.65) and 
isolated as a white oil.  The other product isolated was XII (70 mg, 17%, Rf = 0.76). 
 
                                                  
Yield: 40 mg, 10%. 
1H NMR (CDCl3): 7.79-7.75 (m, 1H, C6H5), 7.69-7.57 (m, 3H, C6H5), 7.53-7.49 
(m, 1H, C6H5), 3.65 (br s, 2H, CHcage). 
11B{1H} NMR (CDCl3):  0.2 (2B), -1.9 (2B), -6.8 (4B), -10.1 (4B), -12.5 (8B). 
31P{1H} NMR (CDCl3):  55.6 (s). 
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7.20 1-{P(Se)Ph-(1ʹ-closo-1ʹ,2ʹ-C2B10H11)}-closo-1,2-C2B10H11 (9Se) 
 
Elemental selenium (240 mg, 3.04 mmol) was added to a toluene solution (10 mL) of 9 
(40 mg, 0.1 mmol).  The suspension was heated to reflux for 2 days before being cooled 
to room temperature.  The solution was filtered to remove excess selenium and evaporated 
to a white solid.  Crystals suitable for SCXRD were obtained from slow evaporation of a 
concentrated petrol solution of 9Se. 
 
Yield: 20 mg, 42%. 
1H NMR (CDCl3): 8.30-8.24 (m, 1H, C6H5), 8.09-8.04 (m, 1H, C6H5), 7.78-7.49 
(m, 3H, C6H5), 4.67 (br s, 2H, CHcage). 
 11B{1H} NMR (CDCl3):  1.3 (2B), -2.4 (2B), -6.8 (4B), -10.2 (4B), -12.7 (8B). 
31P{1H} NMR (CDCl3):  δ 68.2 (s + Se satellites, 1JPSe= 846 Hz). 
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7.21 Reaction of XII and Se 
 
Elemental selenium (284 mg, 3.6 mmol) was added to a toluene solution (10 mL) of 
{PPh-(closo-1,2-C2B10H10)}2 (XII)  (30 mg, 0.06 mmol) before being heated to reflux for 
3 days.  The solution was allowed to cool before being filtered from the excess selenium 
which was then washed with DCM.  The resulting solutions were combined and 
evaporated to give a white solid.  After analysis via 1H, 11B{1H} and 31P{1H} NMR 
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7.22 1-P(Se)(H)tBu-closo-1,2-C2B10H11 (XIIISe) 
 
1-PtBu2-closo-1,2-C2B10H11 (XIV, 260 mg, 0.9 mmol) was dissolved in toluene (15 mL) 
and elemental selenium (710 mg, 9.0 mmol) was added.  The suspension was heated to 
reflux overnight before being allowed to cool to room temperature. The excess selenium 
was filtered off and washed with DCM.  The solvent was concentrated to yield a yellow 
solid.  Crystals suitable for SCXRD were grown from slow evaporation of a concentrated 
DCM solution of XIIISe. 
 
Yield: 130 mg, 46%. 
1H NMR (CDCl3): 6.33 (d, 1JPH = 468 Hz, 1H, PH), 4.75 (br s, 1H, CHcage), 1.43 
(d, 3JP-C-C-H = 36 Hz, 9H, C(CH3)3). 
 11B{1H} NMR (CDCl3): 0.2 (1B), -2.4 (1B), -6.5 (1B), -7.4 (1B), -10.6 (1B), -11.8 
(3B), -13.6 (1B), -14.4 (1B). 
31P{1H} NMR (CDCl3): 58.0 (s + Se satellites, 1JPSe= 792 Hz). 
31P NMR (CDCl3): 58.0 (d, 1JPH = 468 Hz). 
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7.23 1-P(Se)tBu2-closo-1,2-C2B10H11 (XIVSe) 
 
1-PtBu2-closo-1,2-C2B10H11 (XIV,12 mg, 0.05 mmol) was dissolved in C6D6 (0.7 mL). 
Elemental selenium (41 mg, 0.52 mmol) was then added and the mixture was shaken and 
left at room temperature for 16 days.  The reaction was monitored to completion via 
31P{1H} NMR spectroscopy but no isolation was carried out.  Excess selenium was 
removed prior to recording the 77Se NMR spectrum. 
 
 
1H NMR (C6D6): 4.54 (br s, 1H, CHcage), 1.20 (d, 
3JPH = 16.0 Hz, 18H, 
C(CH3)3). 
11B{1H} NMR (C6D6): 1.9 (1B), -1.7 (1B), -7.8 (2B), -9.4 (2B), -11.0 (2B), -12.9 
(2B). 
31P{1H} NMR (C6D6): 106.0 (s + Se satellites, 1JPSe = 777 Hz). 
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7.24 9-P(Se)Ph2-closo-1,7-C2B10H11 (XVSe) 
 
9-PPh2-closo-1,7-C2B10H11 (XV, 90 mg, 0.27 mmol) was dissolved in toluene (10 mL) 
and elemental selenium (246 mg, 3.12 mmol) was added.  The reaction mixture was 
heated to reflux overnight before being allowed to cool to room temperature.  Excess 
selenium was allowed to settle before being filtered off and washed with DCM.  The 
filtrate was evaporated to a pale yellow solid.  Crystals suitable for SCXRD were grown 
from a concentrated DCM solution of XVSe layered with petrol. 
  
Yield: 87 mg, 71%. 
CHN: calcd for C14H21B10PSe: C: 41.3%, H: 5.20%. Found: 
C: 42.2%, H: 5.35%. 
1H NMR (CD2Cl2): 8.04-7.98 (m, 4H, C6H5), 7.47-7.43 (m, 6H, C6H5), 3.13 (br 
s, 2H, CHcage). 
11B{1H} NMR (C6D6): -3.4 (1B), -4.7 (1B), -5.9 (2B), -9.9 (1B), -11.9 (1B), -12.7 
(2B), -16.3 (2B). 
31P{1H} NMR (C6D6): 3.8 [q (1JPB = 164 Hz) + Se satellites). 
77Se NMR (C6D6): -230.5 (d, 1JPSe = 704 Hz). 
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7.25 Reaction of XVI and Se 
 
Elemental selenium (180 mg, 2.3 mmol) was added to a toluene solution (10 mL) of 
1-{PPh-(1ʹ-closo-1ʹ-Me-1ʹ,2ʹ-C2B10H10)}-2-Me-closo-1,2-C2B10H10 (XVI) (30 mg, 
0.08 mmol) before being heated to reflux for 6 days.  The solution was allowed to cool 
before being filtered from the excess selenium which was then washed with DCM.  The 
resulting solutions were combined and evaporated to give a white solid.  After analysis 
via 1H, 11B{1H} and 31P{1H} NMR spectroscopies, the isolated species confirmed to be 
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The Lewis base (0.04 mmol) was added to a J. Young NMR tube together with d3-MeCN 
(0.7 mL).  If applicable the Lewis acid (0.04 mmol) was added, followed by dimethyl 
malonate (46 µL, 0.4 mmol), 3-buten-2-one (32 µL, 0.4 mmol) and the internal standard 
mesitylene (28 µL, 0.2 mmol).  The reaction mixture was shaken and monitored by 1H 
NMR spectroscopy every hour between 0 to 6 h and at 24 h.  The yield of the product 
dimethyl-2-(3-oxobutyl) malonate (XIX) was calculated from the relative integral of the 
resonance at δ 2.51 ppm against the mesitylene internal standard.  All catalytic runs were 
repeated twice and an average product yield is quoted.  Control reactions were carried out 
without the addition of any catalyst and spectroscopic analysis revealed that no product 














Compound 1H NMR Shift (ppm) 
Mesitylene 2.25 (m, 9H), 6.80 (m, 3H) (d3-MeCN) 
3-Buten-2-one 
2.23 (s, 3H, CH3), 5.91 (dd, 1H, 3JHH = 
10.21, 1.45 Hz, CH), 6.18-6.33 (m, 2H, 
CH2) (d3-MeCN) 
Dimethyl malonate 





2.08 (s, 3H), 2.09 (d, 2H), 2.51 (t, 2H, 3JHH = 
7.24 Hz), 3.38 (t, 1H, 3JHH = 7.42 Hz), 3.68 
(s, 6H) (d3-MeCN) 
Values in bold are resonances of internal standard and product 
followed via 1H NMR spectroscopy to calculate yield of product. 
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The Lewis base (0.04 mmol) was added to a J. Young NMR tube together with CD2Cl2 
(0.6 mL) followed by 6,6-dimethylfulvene (48 µL, 0.4 mmol), diphenylmethylsilane 
(32 µL, 0.4 mmol) and the internal standard mesitylene (28 µL, 0.2 mmol).  The Lewis 
acid (0.04 mmol) was then added and the reaction mixture was shaken.  The reaction was 
analysed by 1H NMR spectroscopy after the addition of the Lewis acid.   The product 
yield was calculated from the relative integral of the product resonance at δ 6.51 ppm 
against the mesitylene internal standard.  All catalytic runs were repeated twice and an 
average product yield was quoted.  Control reactions were carried out without the addition 
of any catalyst and spectroscopic analysis revealed that no product formation had 
occurred.  No adduct formation was observed upon addition of the Lewis acid and the 













Compound 1H NMR Shift (ppm) 
6,6-dimethylfulvene 
2.21 (s, 6H, CH3 x2), 6.50 (m, 2H, CH x2), 
6.54 (m, 2H, CH x2) (CD2Cl2) 
Methyldiphenylsilane 
0.68 (s, 3H, CH3), 5.01 (br s, 1H, H), 7.37-




0.57 (s, 3H), 1.15 (s, 3H), 1.80 (s, 3H), 
2.54 (d, 1H), 3.00 (m, 2H), 5.89 (m, 1H), 
6.51 (m, 1H) 7.34-7.69 (m, 10H) (CD2Cl2) 
Mesitylene 6.88 (3H), 2.35 (9H) (CD2Cl2) 
Values in bold are resonances of internal standard and product 
followed via 1H NMR spectroscopy to calculate yield of product.  
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7.28 1-P(BH3)Ph2-closo-1,2-C2B10H11 (VIBH3) 
 
A toluene solution (30 mL) of VI (500 mg, 1.52 mmol) was cooled to 0 °C before 
BH3.SMe2 (0.14 mL, 1.52 mmol) was added dropwise. The colourless solution was 
warmed to room temperature and allowed to stir for 1 h.  The solution was then evaporated 
to dryness to afford a white solid.  Crystals suitable for SCXRD were grown from slow 
evaporation of a concentrated toluene solution of VIBH3. 
  
Yield: 460 mg, 88%. 
CHN: calcd for C14H24B11P: C: 49.1%, H: 7.07%. Found: C: 49.2%, 
H: 7.04%. 
1H NMR (CDCl3): 8.08-8.05 (m, 4H, C6H5), 7.56-7.54 (m, 6H, C6H5), 4.45 (br 
s, 1H, CHcage). 
11B{1H} NMR (CDCl3): 0.0 (1B), -2.3 (1B), -7.2 (2B), -10.7 (2B), -12.5 (4B), -37.9 
(1B). 
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7.29 1-P(BH3)Ph2-closo-1,7-C2B10H11 (IVBH3) 
 
A toluene solution (30 mL) of IV (500 mg, 1.52 mmol) was cooled to 0 °C before 
BH3.SMe2 (0.14 mL, 1.52 mmol) was added dropwise. The colourless solution was 
warmed to room temperature and allowed to stir for 1 h.  The solution was then evaporated 
to dryness to afford a white solid.  Crystals suitable for SCXRD were grown from slow 
evaporation of a concentrated toluene solution of IVBH3. 
  
Yield: 441 mg, 85%. 
CHN: calcd for C14H24B11P: C: 49.1%, H: 7.07%. Found: C: 49.2%, 
H: 7.02%. 
1H NMR (C6D6): 8.09-8.04 (m, 4H, C6H5), 7.02-6.94 (m, 6H, C6H5), 2.01 (br 
s, 1H, CHcage). 
11B{1H} NMR (C6D6): -4.3 (2B), -9.4 (2B), -10.6 (2B), -12.2 (2B), -14.9 (2B), -35.6 
(1B). 
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7.30 1-Bcat-7-PPh2-closo-1,7-C2B10H10 (10) 
 
A toluene solution (25 mL) of IV (443 mg, 1.35 mmol) was cooled to 0 °C before the 
dropwise addition of a toluene solution (10 mL) of LiTMP (218 mg, 1.49 mmol).  The 
solution was warmed to room temperature and stirred for 6 h.  The solution was then 
evaporated to dryness to afford a white solid which was washed with petrol (3 x 15 mL).  
The insoluble materials were dissolved in toluene (25 mL) and frozen at -196 °C.  To the 
frozen mixture, BcatBr (294 mg, 1.49 mmol) was added in one portion and the reagents 
were warmed to room temperature and stirred for 15 mins.  The solution was heated to 
reflux for 18 h.  The white suspension was cooled to room temperature and the reaction 
mixture was evaporated to dryness.  The residue was extracted with petrol (3 x 15 mL) 
and the soluble materials were transferred via cannula and evaporated to dryness.  The 
residue was extracted with cold petrol (-5 °C, 3 x 10 mL) and the petrol soluble materials 
were transferred via cannula and evaporated to dryness.  Excess IV was removed from 
the residue via vacuum sublimation and the product was isolated as a white solid.  Crystals 
suitable for SCXRD were grown from a cooled (-20 °C), concentrated petrol solution of 
10.   
 
Yield: 240 mg, 40%. 
1H NMR (C6D6): 7.79-7.75 (m, 4H, C6H5), 7.05-7.02 (m, 6H, C6H5), 6.76-6.72 
(m, 2H, C6H4), 6.64-6.60 (m, 2H, C6H4). 
11B{1H} NMR (C6D6): 30.3 (1B), -0.7 (1B), -3.8 (1B), -6.7 to -10.5 (6B), -12.8 (2B). 
31P{1H} NMR (C6D6): 20.3 (s). 













































 254   
 
7.31 1-Bcat-7-P(Se)Ph2-closo-1,7-C2B10H10 (10Se) 
 
1-Bcat-7-PPh2-closo-1,7-C2B10H10 (10, 5 mg, 0.01 mmol) was dissolved in C6D6 
(0.7 mL) in a J. Young NMR tube.  Elemental selenium (26 mg, 0.3 mmol) was then 
added and the mixture was shaken and left at room temperature for 7 days.  The reaction 
was monitored via 31P{1H} NMR spectroscopy until full conversion to the selenide was 
observed.  No isolation of 10Se was carried out.   
 
1H NMR (C6D6): 8.36-8.31 (m, 4H, C6H5), 6.98-6.93 (m, 6H, C6H5), 6.77-6.71 
(m, 2H, C6H4), 6.64-6.61 (m, 2H, C6H4). 
11B{1H} NMR (C6D6): 30.5 (1B), 0.7 to -4.1 (2B), -5.5 to -11.2 (6B), -11.2 to -16.1 
(2B). 
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Appendix A:  
Crystallographic Tables 
 
 1 2 3 4 
Empirical Formula C21H35B11 C8H15B11O2 C9H17B11O2 C14H19B11O2 
M (g mol-1) 406.40 262.11 276.13 338.20 
Temperature (K) 100 120 120 120 
Crystal System monoclinic monoclinic monoclinic monoclinic 
Space Group Cc P21/n P21/c P21/c 
a (Å) 14.7894(8) 6.9222(2) 12.4743(2) 15.0049(6) 
b (Å) 17.9813(9) 19.8493(7) 12.30460(10) 6.78992(18) 
c (Å) 9.7695(5) 10.4490(5) 20.3392(3) 19.0043(6) 
 (°) 90 90 90 90 
β (°) 111.132(3) 96.171(3) 106.7030(10) 112.135(4) 
γ (°) 90 90 90 90 
U (Å3) 2423.3(2) 1427.39(9) 2990.17(7)     1793.49(11) 
Z 4 4 8 4 
F(000) (e) 864 536 1136 696 
Dcalc (g cm3) 1.114 1.220 1.227 1.253 
X-radiation Mo-Kα Cu-Kα Cu-Kα Mo-Kα 
λ (Å) 0.71073 1.54178 1.54184 0.71073 
μ (mm−1) 0.055 0.503 0.504 0.069 
2Θ range for data collection (°)   
 
4.932 to 57.932 8.91 to 151.73 
7.398 to 
151.806 
5.944 to 62.462 
Reflections collected 22579 20543 23137 37112 
Unique Reflections 6285 2965 6113 5441 
Rint 0.0560 0.0963 0.0719 0.0424 
R, wR2 (obs. data) 0.0469, 0.0990 0.0467, 0.1283 0.0528, 0.1366 0.0480, 0.1189 
Goodness-of-fit on F2 1.010 1.071 1.037 1.073 
Emax, Emin (e Å−3) 0.17, -0.21 0.29, -0.23 0.28, -0.30 0.38/-0.23 




 6Se 7 7Se2 IV 
Empirical Formula C16H31B20PSe C28H40B20P2 C28H40B20P2Se2 C14H21B10P 
M (g mol-1) 549.54 654.74 812.66 328.38 
Temperature (K) 120 100 120 150 
Crystal System triclinic triclinic monoclinic monoclinic 
Space Group P-1 P-1 P21/c P21/c 
a (Å) 10.6563(8) 8.8455(7) 13.4421(6) 10.7605(9) 
b (Å) 11.1027(8) 9.5906(7) 13.5712(5) 14.8031(12) 
c (Å) 14.0115(11) 11.6204(8) 10.5901(4) 12.3879(9) 
 (°) 87.453(6) 71.047(4) 90 90 
β (°) 68.577(7) 89.380(4) 105.633(4) 109.978(2) 
γ (°) 61.884(7) 72.930(4) 90 90 
U (Å3) 1344.6(2) 887.38(12) 1860.44(13) 1854.5(3) 
Z 2 1 2 4 
F(000) (e) 552 338 812 680 
Dcalc (g cm3) 1.357 1.225 1.451 1.176 
X-radiation Mo-Kα Mo-Kα Mo-Kα Mo-Kα 
λ (Å) 0.71073 0.71073 0.71073 0.71073 
μ (mm−1) 1.466 0.146 2.098 0.140 
2Θ range for data collection (°)   
 
6.236 to 57.768 4.718 to 52.072 6.294 to 59.424 
4.45 to 
56.612 
Reflections collected 21920 24240 17275 25477 
Unique Reflections 6152 3479 4611 4600 
Rint 0.0682 0.0901 0.0477 0.0539 
R, wR2 (obs. data) 0.0533, 0.0890 0.0600, 0.1177 0.0411, 0.0769 
0.0422, 
0.1097 
Goodness-of-fit on F2 1.096 1.047 1.082 1.059 








 IVSe VSe VISe VIISe2 
Empirical Formula C14H21B10PSe C18H10F5PSe C14H21B10PSe C26H30B10P2Se2 
M (g mol-1) 407.34 431.19 407.34 670.46 
Temperature (K) 100 100 100 100 
Crystal System monoclinic monoclinic monoclinic monoclinic 
Space Group P21/c P21/c P21/c P21/c 
a (Å) 17.3854(9) 16.3024(12) 8.7241(4) 18.2162(7) 
b (Å) 13.8292(6) 7.2293(5) 25.2149(11) 9.5634(4) 
c (Å) 17.3988(9) 14.4191(11) 9.4588(4) 17.8339(7) 
 (°) 90 90 90 90 
β (°) 112.5818(18) 104.365(4) 111.615(2) 107.205(2) 
γ (°) 90 90 90 90 
U (Å3) 3862.4(3) 1646.2(2) 1934.41(15) 2967.8(2) 
Z 8 4 4 4 
F(000) (e) 1632 848 816 1336 
Dcalc (g cm3) 1.401 1.740 1.399 1.501 
X-radiation Mo-Kα Mo-Kα Mo-Kα Mo-Kα 
λ (Å) 0.71073 0.71073 0.71073 0.71073 
μ (mm−1) 2.022 2.428 2.018 2.618 
2Θ range for data collection (°)   
 
2.536 to 62.074 5.158 to 68.416 4.906 to 68.14 4.662 to 64.596 
Reflections collected 51928 48984 58543 79369 
Unique Reflections 12504 6774 7897 10455 
Rint 0.0498 0.0396 0.0451 0.0465 
R, wR2 (obs. data) 0.0349, 0.0673 0.0262, 0.0611 0.0256, 0.0592 0.0274, 0.0614 
Goodness-of-fit on F2 1.039 1.056 1.030 1.028 








 8 8Se 9Se XIIISe 
Empirical Formula C24H37B9NP C24H37B9NPSe C13H34B20PSe C6H21B10PSe 
M (g mol-1) 467.80 546.76 516.53 311.26 
Temperature (K) 100 100 120 100 
Crystal System monoclinic orthorhombic monoclinic monoclinic 
Space Group P21/n P212121 P21/n P21/n 
a (Å) 12.8750(11) 9.7581(3) 11.42485(7) 6.8125(3) 
b (Å) 10.2839(8) 15.3772(5) 16.90881(11) 19.1019(9) 
c (Å) 20.5590(18) 18.9355(5) 14.25446(9) 11.6526(6) 
 (°) 90 90 90 90 
β (°) 91.929(4) 90 105.9360(6) 93.539(3) 
γ (°) 90 90 90 90 
U (Å3) 2720.6(4) 2841.31(15) 2647.86(3) 1513.48(12) 
Z 4 4 4 4 
F(000) (e) 992 1128 1044 624 
Dcalc (g cm3) 1.142  1.278 
 
1.296 1.366 
X-radiation Mo-Kα Mo-Kα Cu-Kα Mo-Kα 
λ (Å) 0.71073 0.71073 1.54178 0.71073 
μ (mm−1) 0.116 1.393 2.478 2.555 
2Θ range for data collection (°)   
 
 5.07 to 52.03 
 
4.696 to 62.164 8.304 to 152.07 5.52 to 56.076 
Reflections collected 38985 69917 21467 25523 
Unique Reflections 5331 9071 5466 3656 
Rint 0.0687 0.0634 0.0520 0.0677 
R, wR2 (obs. data) 0.0458, 0.1097 0.0286, 0.0578 0.0509, 0.1419 0.0728,  0.1877 
Goodness-of-fit on F2 1.030 1.032 1.066 1.053 
Emax, Emin (e Å−3) 0.61, -0.43 0.35, -0.35 0.58, -0.89 3.26, -1.40 





 XVSe VIBH3 IVBH3 10 
Empirical Formula C14H21B10PSe C14H24B11P C14H24B11P C20H24B11O2P 
M (g mol-1) 407.34 342.21 342.21 446.27 
Temperature (K) 100 120 120 100 
Crystal System orthorhombic orthorhombic monoclinic triclinic 
Space Group Pbca Pna21 I2/a P-1 
a (Å) 9.9130(5) 13.7847(4) 25.1004(5) 9.8187(2) 
b (Å) 18.9783(9) 10.1304(3) 7.66017(13) 11.1387(3) 
c (Å) 20.7608(10) 13.9057(4) 19.1934(4) 12.5639(3) 
 (°) 90 90 90 71.5900(10) 
β (°) 90 90 90.5557(17) 72.5500(10) 
γ (°) 90 90 90 67.4950(10) 
U (Å3) 3905.8(3) 1941.86(9) 3690.20(12) 1179.09(5) 
Z 8 4 8 2 
F(000) (e) 1632 712 1424 460 
Dcalc (g cm3) 1.385 1.171 1.232 1.257 
X-radiation Mo-Kα Mo-Kα Mo-Kα Mo-Kα 
λ (Å) 0.71073 0.71073 0.71073 0.71073 
μ (mm−1) 1.999 0.136 0.143 1.257 
2Θ range for data collection (°)   
 
4.72 to 62.982 5.86 to 59.416 5.726 to 62.79 6.308 to 56.568 
Reflections collected 51443 32895 25157 48251 
Unique Reflections 6491 5086 7586 5840 
Rint 0.0693 0.0514 0.1094 0.0345 
R, wR2 (obs. data) 0.0389, 0.0899 0.0364, 0.0809 0.0795, 0.2310 0.0331, 0.0831 
Goodness-of-fit on F2 1.027 1.093 1.085 1.050 
Emax, Emin (e Å−3) 0.81, -0.86 0.29, -0.21 0.85, -0.93 0.3, -0.26 
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Received: 13 November 2018; Accepted: 23 November 2018; Published: 27 November 2018


Abstract: The first example of a carborane with a catecholborolyl substituent, [1-Bcat-2-Ph-closo-1,2-
C2B10H10] (1), has been prepared and characterized and shown to act as the Lewis acid
component of an intermolecular frustrated Lewis pair in catalyzing a Michael addition.
In combination with B(C6F5)3 the C-carboranylphosphine [1-PPh2-closo-1,2-C2B10H11] (IVa) is
found to be comparable with PPh2(C6F5) in its ability to catalyze hydrosilylation, whilst the
more strongly basic B-carboranylphosphine [9-PPh2-closo-1,7-C2B10H11] (V) is less effective and
the very weakly basic species [µ-2,2′-PPh-{1-(1′-1′,2′-closo-C2B10H10)-1,2-closo-C2B10H10}] (IX) is
completely ineffective. Base strengths are rank-ordered via measurement of the 1J 31P-77Se coupling
constants of the phosphineselenides [1-SePPh2-closo-1,2-C2B10H11] (2), [9-SePPh2-closo-1,7-C2B10H11]
(3), and [SePPh2(C6F5)] (4).
Keywords: carborane; phosphine; frustrated Lewis pair; catalysis
1. Introduction
The recognition by Stephan and co-workers, little more than a decade ago [1], that H2 could
be reversibly activated using sterically-encumbered main group Lewis acid (LA)/Lewis base (LB)
pairs has given rise to the burgeoning field of frustrated Lewis pair (FLP) chemistry [2–8]. FLPs can
co-exist on the same molecule (intramolecular FLPs) or be on different molecules (intermolecular FLPs).
Since its inception, the breadth of FLP chemistry has expanded considerably, and now, as summarized
in a recent review [9], impacts upon small-molecule activation, organic chemistry, radical chemistry,
transition-metal chemistry, enzyme models, polymers and materials, and surface chemistry.
Carborane chemistry is a well-established and wide-ranging field with thousands of derivatives
known and a huge number of diverse applications now established for carborane-containing
species [10]. Thus far, however, FLP chemistry and carborane chemistry have not intersected, in spite of
the fact that the carborane scaffold offers a number of unique advantages for potential FLPs including
high chemical and thermal stability, the ability to act as an electron-donating or electron-accepting
support dependent on the vertex substituted (with no significant difference in the steric bulk of
the carborane) [11–13], and further tuneability of electronic (and steric) FLP properties through
isomerization, cage derivatization, or substitution [10].
We now report the first examples of intermolecular carborane-supported FLP chemistry, through
(i) the synthesis of a catecholborolyl (Bcat) carborane (the LA) and its catalytic activation of a Michael
addition reaction in combination with PPh3, and (ii) a comparison of C- and B-carboranylphosphines
(the LB) in combination with B(C6F5)3 to catalyze a hydrosilylation reaction, demonstrating the unique
advantage of carborane scaffolds in tuning the strength of FLP components.
Molecules 2018, 23, 3099; doi:10.3390/molecules23123099 www.mdpi.com/journal/molecules
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2. Results and Discussion
2.1. Synthesis and Characterization of Compound 1
Following deprotonation of [1-Ph-closo-1,2-C2B10H11] in tetrahydrofuran (THF) by nBuLi and
subsequent exchange of solvent for toluene, 2-Br-1,3,2-benzodioxaborole (BcatBr) in toluene was
added and the reaction mixture heated to reflux overnight. The solvent was removed and the product
extracted into petroleum ether. Unreacted phenylcarborane was removed via vacuum sublimation,
leaving the product [1-Bcat-2-Ph-closo-1,2-C2B10H10] (1) in a 45% isolated yield. As far as we are aware,
compound 1 is the first example of a carborane with a catecholborolyl substituent. C-substituted
pinacolborolyl (Bpin) carboranes are known (see, e.g., References [14,15]) (there is one recent report of
a B-substituted pinacolborolyl carborane [16]) and several C-substituted diazaborolyl carboranes have
been prepared, e.g., References [17,18].
Compound 1 is a moderately air-sensitive, but significantly moisture-sensitive, colorless solid,
initially characterized using elemental analysis, mass spectrometry, and by 1H and 11B nuclear magnetic
resonance (NMR) spectroscopies. The latter features the resonance due to the catecholborolyl B atom
at δ 28.8 ppm in C6D6, easily identified by its high frequency chemical shift and lack of 1H coupling.
The carboranyl boron resonances in the 11B{1H} NMR spectrum appear with relative integrals 1:1:2:2:2:2
from high frequency to low frequency suggest a molecule with time-averaged Cs molecular symmetry
in solution.
Ultimately compound 1 was unambiguously characterized crystallographically. Single crystals
suitable for an X-ray diffraction study were grown by cooling a solution of 1 in C6H5F and a
perspective view of a single molecule is shown in Figure 1. The Cs symmetry in solution was
not retained in the solid state as the Ph and Bcat units were twisted by ≈19◦ in a conrotatory
manner with respect to the least-squares plane through atoms B100C1C2C21. The C1−C2 distance
in 1, 1.6840(15) Å, sits within the range of such distances in related compounds (see, e.g.,
References [17,18]), whilst the C1−B100 distance, 1.5703(16) Å, was comparable to that (1.565(4)
Å) in [1-Bpin-2,3,4,5,6,7,8,9,10,11-Me10-12-(4′-Br-C6H4)-closo-1-CB11]− [14] but significantly shorter
than that (1.6046(19) Å) in [1-B(OMe)2-2-iPr-closo-1,2-C2B10H10] [15], the only other compounds with
{BO2} fragments bonded to a carborane C atom to have been structurally characterized.
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Figure 1. olecular structure of compound 1. Selected interatomic distances (Å): C1− . ( ),
1 100 1.5703(16), 100 O11 1.3744(14), B100−O12 1.3739(15), and C2−C21 1.5083(14).
2.2. Carborane-Supported Components of Intermolecular FLPs to Catalyze Michael Addition
The steric bulk and electron-withdrawing nature of the phenylcarborane fragment results in
B100 being both sterically-encumbered and highly Lewis acidic, and consequently compound 1 is
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an ideal potential LA component of an intermolecular FLP. To investigate this, we have studied the
involvement of 1 as co-catalyst in the Michael addition of dimethyl malonate (I) to 3-buten-2-one (II)
to afford dimethyl 2-(3-oxobutyl) malonate (III), a classic Michael addition reaction (Scheme 1). Such
reactions are known to be catalyzed by phosphines alone [19], but enhanced rates have been observed
if a species with the potential to act as a Lewis acid is also present because the LA and LB form an FLP
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carboranylphosphine  [9‐PPh2‐closo‐1,7‐C2B10H11]  (V)  [13]  and  tested  it  as  the  single  catalyst  for 
Sche e 1. Michael addition of dimethyl malonate and 3-buten-2-one producing dimethyl
2-(3-oxobutyl) malonate.
In the presence of 10 mol% PPh3 in CD3CN at room temperature, a 1:1 mixture of I and II
affords III in 43% yield after 6 h and 64% yield after 24 h (entries 1 and 2, Table 1). No reaction
was observed in the absence of a catalyst nor in the presence of only the Bcat carborane 1. When,
however, an intermolecular FLP of 10 mol% 1 and 10 mol% PPh3 was used as a catalyst, the yield
of III was 56% after 6 h and 76% after 24 h (entries 3 and 4). This demonstrates the co-operative
nature of the two components, with the enhancement in catalysis fully consistent with them acting as
a frustrated Lewis pair and represents the first time that a carborane-containing species has been used
as a component of an FLP. The results are at least as good as those obtained for the same reaction using
either PhBpin/PPh3 as an intermolecular FLP or 1-Bpin-2-PPh2-C6H4 as an intramolecular FLP [22].
Table 1. Results for catalysis of the Michael addition reaction in Scheme 1 by PPh3, the FLP 1/PPh3
and V. 1
Entry Catalyst(s) Time (h) Yield (%) 2
1 PPh3 6 43
2 PPh3 24 64
3 1/PPh3 3 6 56
4 1/PPh3 24 76
5 V 6 85
6 V 24 92
1 Conditions: J. Young NMR tube; 1:1 molar ratio of I and II; 10 mol% of catalyst(s); CD3CN solution; room
temperature. 2 Yield (average of two runs) determined by 1H NMR spectroscopy relative to mesitylene internal
standard. 3 It was established via NMR spectroscopy that 1 and PPh3 did not form an adduct.
An interesting alternative to using PPh3 as a catalyst for this Michael addition reaction would
be to have the LB functionality on a carborane cage. However, the C-carboranylphosphines
[1-PR2-closo-1,2-C2B10H11] [R = Ph (IVa), iPr (IVb), tBu (IVc) (Scheme 2)] were all inactive in
catalyzing the reaction, presumably a consequence of their relatively low basicity because of the
strong electron-acceptor property of the carborane when substituted at C. In contrast, it is well
established that a carborane substituted at B is electron-releasing [11–13], and we therefore prepared
the B-substituted carboranylphosphine [9-PPh2-closo-1,7-C2B10H11] (V) [13] and tested it as the single
catalyst for Michael addition, finding it to be significantly more effective than PPh3 (Table 1, entries 5
and 6). Note that IVa and V are related as simple positional isomers. Replacing a Ph group in PPh3
with a C-bound carborane cage (affording IVa) reduces the basicity of the phosphine and switches off
the Michael addition reaction, whilst replacing a Ph in PPh3 with a B-bound carborane cage (affording
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V) enhances this particular catalysis. This clearly demonstrates the potential of electronically-flexible























for  their  efficiency  in  catalyzing  this  reaction.  The  FLP  B(C6F5)3/IVa was  fully  comparable with 
B(C6F5)3/PPh2(C6F5) in efficiency, both combinations producing nearly 90% product yield after only 
11–12 min (entries 1 and 2), whilst the FLP from B(C6F5)3 with the more strongly basic V was inferior 
c . i e i r s f e s ecies.
2.3. Carborane-Supported Components of Intermolecular FLPs to Catalyze Hydrosilylation
Although the C-substituted carboranylphosphines IV are too weakly basic for Michael addition,
they can be, as part of an FLP, highly effective in the hydrosilylation of dimethylfulvene (Scheme 3).
In combination with B(C6F5)3, the weak Lewis base PPh2(C6F5) has been shown by Paradies and
co-workers to catalyze this reaction effectively, whilst the strong Lewis base PtBu3 has no activity (it is
assumed that this is due to the formation of the silylium salt [tBu3P-SiPh2Me][HB(C6F5)3]) [23]. This is
therefore an ideal reaction in which to study the effect of controlling the basicity of the Lewis base
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In Table 2, the intermolecular FLPs formed by B(C6F5)3 with PPh2(C6F5), IVa and V are compared
for their efficiency in catalyzing this reaction. The FLP B(C6F5)3/IVa was fully comparable with
B(C6F5)3/PPh2(C6F5) in efficiency, both combinations producing nearly 90% product yield after only
11–12 min (entries 1 and 2), whilst the FLP from B(C6F5)3 with the more strongly basic V was inferior
to both, affording the product only 80% yield after more than twice the time (entry 3). We also
investigated the effect on the reaction of using the FLP formed from B(C6F5)3 and the very weakly
basic bis(carboranyl)phosphine [µ-2,2′-PPh-{1-(1′-1′,2′-closo-C2B10H10)-1,2-closo-C2B10H10}] (IX) [24]
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(Scheme 2). In this case significant amounts of oligomerized product were immediately observed
(entry 4), consistent with the results obtained by Paradies when no base was used [23]. These results
clearly establish that this reaction was very sensitive to the strength of the Lewis base component; if the
base is too strong (e.g., PtBu3) there is no catalysis [23], whilst if it is too weak (e.g., IX), the base plays
no part in the chemistry and the Lewis acid catalyzes oligomerization. Between these two extremes,
the base acts as an FLP with the B(C6F5)3 Lewis acid, which catalyzes hydrosilylation, with weaker
bases performing somewhat better.
Table 2. Results for catalysis of the hydrosilylation reaction in Scheme 2 using the FLPs
B(C6F5)3/PPh2(C6F5), B(C6F5)3/IVa, B(C6F5)3/V, and B(C6F5)3/IX. 1
Entry Catalyst(s) Time (min) Yield (%) 2
1 B(C6F5)3/PPh2(C6F5) 11 89
2 B(C6F5)3/IVa 3 12 88
3 B(C6F5)3/V 3 26 80
4 B(C6F5)3/IX 3 - 0 4
1 Conditions: J. Young NMR tube; 1:1 molar ratio of LA and LB components of FLP (10 mol% of each); CD2Cl2
solution; room temperature. 2 Yield (average of two runs) determined by 1H NMR spectroscopy relative to
mesitylene internal standard. 3 It was established by NMR spectroscopy that the LA and LB components did not
form an adduct. 4 The reagents immediately turned deep-red, indicative of the formation of oligomerized products
(see Reference [23]).
2.4. Synthesis and Characterization of Phosphineselenides 2, 3 and 4
In an attempt to understand the relative efficiencies of the phosphines PPh3, IVa, V, IX,
and PPh2(C6F5) as stand-alone Lewis bases or as components of FLPs, we have attempted to rank
their basicities via formation of the appropriate selenide. This is because it is well established that,
in the absence of significant intra- or intermolecular H-bonding contacts, pKb of phosphines correlates
almost linearly with the magnitude of the 1J 31P-77Se coupling constants of the corresponding selenide
(see, e.g., References [25,26].
The selenides [1-SePPh2-closo-1,2-C2B10H11] (2, derived from IVa), [9-SePPh2-closo-1,7-C2B10H11]
(3, derived from V) and [SePPh2(C6F5)] (4) were prepared in good yields using the straightforward
procedure of heating to reflux the appropriate phosphine and excess Se in toluene. All three pale or
colorless compounds were crystalline solids that were initially characterized using elemental analysis,
mass spectrometry, and 1H and 31P{1H} NMR spectroscopies, plus 11B{1H} (for 2 and 3), 77Se (for 3),
and 19F{1H} (for 4) NMR studies.
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Compounds 2, 3, and 4 were also studied crystallographically, and perspective views of single
molecules together with key molecular parameters are presented in Figure 2, Figure 3, and Figure 4,
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respectively. In 2, there appears to be a preferred orientation of the {SePPh2} fragment relative to
the carborane cage with the torsion angle C2−C1−P−Se only 5.73(7)◦, allowing the Se atom and the
relatively protonic H bound to C2 to approach to within 2.752(17) Å, substantially less than the sum of
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known to be favored by less basic phosphines [23]. Comparison of the coupling constants of 2 and 3 
dramatically illustrates the different basicities of carboranylphosphines substituted at C (compound 
IVa, weakly basic) versus  those  substituted at B  (compound V,  strongly basic).  In an alternative 
description, starting  from PPh3, notional  replacement of one Ph by  (C6F5)  reduces  the basicity  (as 
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Figure 4. olecular structure of co pound 4. Selected interato ic distances ( ): P1 Se1 2.1047(3),
P1 C101 1.8346(11), P1 C111 1.8141(12), and P1−C121 1.8080(12).
I ll , t 31 {1 } R shifts of t e sele i es 2, , t i ifi tl
i f t an those of the precursor phosphine (δ 50.7 pm vs 25.3 ppm for 2, +3.8 ppm
vs −48.2 ppm for 3, +20.4 ppm vs −25.0 ppm for 4, all comparisons made in th am solvent).
Most importantly, 77Se satellites reveal 1J 31P-77Se upli g constants of 799 Hz for 2, 704 Hz for 3
(co firmed using the 77Se NMR spectrum), and 774 Hz for 4. SePPh3 (1J 31P-77Se = 732 Hz) [25] and
SeIX (1J 31P-77Se = 891 Hz) [24] are known species.
t it f t 1J e values, the ranking of the base stre t f t i
( t i ) PPh3 > Ph2(C6F5) > IVa > SeIX (least basic). This is fully consistent with
the observation th t V acts as the best sta d-alone phosphine for catalyzing th Michael additi
reaction but is the worst LB component of an FLP with B(C6F5)3 in catalyzing the hydrosilylation
reaction, known to be favored by less basic phosphines [23]. Comparis n of the coupling constants
of 2 and 3 dramatically illustrates the different basicities of carbora ylpho phines substituted at C
(compound IV , weakly basic) versus hose substituted at B (comp und V, trongly basic). In an
alternative description, starting from PPh3, notional replacement of one Ph by (C6F5) reduce
the basicity (as expected), whilst notional replacement of Ph by a C-carborane cage, forming
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[1-PPh2-closo-1,2-C2B10H11] (IVa), reduced the basicity even further (C-substituted carborane cage is
more electron-withdrawing than Ph). On the other hand, notional replacement of one Ph in PPh3
by a B-carborane cage, affording [9-PPh2-closo-1,7-C2B10H11] (V), increased the basicity (B-substituted
carborane cage is less electron-withdrawing than Ph).
These results confirm that the nature of the site of substitution of a carborane significantly affects
the strength of an appended Lewis base and, by extension, an appended Lewis acid. In principle, the
acid and/or base strength can be further tuned by varying the size of the carborane, its structural
type (closo, neutral; nido, anionic), its isomeric form, the nature of any heteroatoms present (e.g.,
metal fragment vertices), and the nature of additional substituents at B and/or at C. Thus, carborane
scaffolds have the unique potential to offer an exceptional degree of control over the Lewis acid and/or
Lewis base strength of appended groups, which is likely to be highly important in constructing useful




All experiments were performed, unless otherwise stated, under an atmosphere
of dry nitrogen using standard Schlenk or glovebox techniques, with some subsequent
manipulations and purifications carried out in air. Tetrahydrofuran (THF) was distilled from
sodium/benzophenone, dichloromethane (DCM) from CaH2, and toluene and petroleum ether
(40–60 ◦C, petrol) from sodium. All solvents were freeze-pump-thawed three times prior to
use. Deuterated solvents were stored over 4 Å molecular sieves. [1-PPh2-closo-1,2-C2B10H11]
(IVa) [28], [1-PiPr2-closo-1,2-C2B10H11] (IVb) [29], [1-PtBu2-closo-1,2-C2B10H11] (IVc) [30],
[9-PPh2-closo-1,7-C2B10H11] (V) [13], [µ-2,2′-PPh-{1-(1′-1′,2′-closo-C2B10H10)-1,2-closo-C2B10H10}]
(IX) [24], and [1-Ph-closo-1,2-C2B10H11] [31,32] were prepared according to the literature. All other
reagents were purchased from Sigma Aldrich Ltd. (Gillingham, UK), Fluorochem Ltd. (Hadfield,
UK) or Alfa Aesar (Heysham, UK) and used without further purification. NMR spectra were
recorded at 298 K using a Bruker AVIII-400 spectrometer (Bruker BioSpin AG, Fallenden, Switzerland),
with chemical shifts reported relative to the residual protonated solvent peaks (1H) or to external
standards (11B; BF3·OEt2). Elemental analyses were conducted using an Exeter CE-440 elemental
analyser (Exeter Analytical Inc., North Chelmsford, MA, USA). Electron ionization mass spectrometry
(EIMS) was carried out on a Bruker Microtof II mass spectrometer (Bruker Daltonik GmbH, Bremen,
Germany) at the University of Edinburgh.
3.1.1. Synthesis and Characterization of [1-Bcat-2-Ph-closo-1,2-C2B10H10] (1)
[1-Ph-closo-1,2-C2B10H11] (300 mg, 1.36 mmol) was dried under vacuum and dissolved in
anhydrous THF (20 mL). The solution was cooled to 0 ◦C before nBuLi (1.02 mL, 1.6M, 1.63 mmol) was
added dropwise. The colorless solution turned pale pink and was stirred at 0 ◦C for 0.5 h before being
warmed to room temperature, then heated to 65◦C for 1 h. The pale-yellow solution was allowed
to cool to room temperature and concentrated to dryness. Anhydrous toluene (25 mL) was added.
The Schlenk tube was covered in foil and the pale-yellow solution cooled to −78 ◦C before the addition
of a toluene solution of 2-bromo-1,3,2-benzodioxaborole (324 mg, 1.63 mmol), resulting in a purple
solution and a blue precipitate. The mixture was heated to reflux overnight. The purple solution was
transferred via cannula to a second Schlenk tube along with anhydrous toluene washings (2 × 20 mL)
and concentrated to a purple solid. This was extracted with anhydrous petrol (2 × 50 mL) and the
soluble materials evaporated to reveal a white solid. Excess phenyl carborane was removed via
vacuum sublimation leaving the product [1-Bcat-2-Ph-closo-1,2-C2B10H10] (1) (205 mg, 0.61 mmol, 45%).
C14H19B11O2 requires C 49.7, H 5.66; found C 49.2, H 5.66%. 1H NMR (400 MHz, C6D6): δ 7.44–7.41 (m,
2H, C6H5), 6.74–6.71 (m, 1H, C6H5), 6.67–6.61 (m, 4H), 6.50–6.53 (m, 2H). 11B{1H}[11B] NMR (128 MHz,
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C6D6): δ 29.0 (s, 1B, Bcat), 2.4 (s [d, JBH = 150 Hz], 1B), −2.4 (s [d, JBH = 150 Hz], 1B), −7.3 (2B), −8.3
(2B), −9.7 (2B), −10.7 (2B). EIMS: envelope centered on m/z 338.2 (M+).
3.1.2. General Synthesis and Characterization of Phosphine Selenides 2, 3, and 4
The phosphine (typically 0.25–0.5 mmol) was dissolved in toluene (typically 10–15 mL) and ≈10
equivalents of elemental selenium were added. Under N2, the reagents were heated to reflux overnight.
Excess Se was filtered off and washed with DCM. The filtrate and washings were evaporated to afford
essentially pure colorless or pale-colored solids.
[1-SePPh2-closo-1,2-C2B10H11] (2) Colorless, 56% yield. C14H21B10PSe requires C 41.3, H 5.20;
found C 40.8, H 5.06%. 1H NMR (400 MHz, CDCl3): δ 8.28–8.22 (m, 4H, C6H5), 7.64–7.52 (m, 6H,
C6H5), 4.80 (br. s, 1H, CcageH). 11B{1H} NMR (128 MHz, CDCl3): δ −0.5 (1B), −2.5 (1B), −7.2 (2B),
−11.0 (2B), −12.8 (4B). 31P{1H} NMR (162.0 MHz, CDCl3): δ 50.66 (s + Se satellites, 1JPSe = 799 Hz).
EIMS: envelope centered on m/z 407.1 (M+).
[9-SePPh2-closo-1,7-C2B10H11] (3) Pale yellow, 71% yield. C14H21B10PSe requires C 41.3, H 5.20;
found C 42.2, H 5.35%. 1H NMR (400 MHz, CD2Cl2): δ 8.04–7.98 (m, 4H, C6H5), 7.47–7.43 (m, 6H,
C6H5), 3.13 (br. s, 2H, CcageH). 11B{1H} NMR (128 MHz, C6D6): δ −3.4 (1B), −4.7 (1B), −5.9 (2B), −9.9
(1B), −11.9 (1B), −12.7 (2B), −16.3 (2B). 31P{1H} NMR (162.0 MHz, C6D6): δ 3.76 (q [1JPB = 164 Hz] + Se
satellites, 1JPSe = 704 Hz). 77Se NMR (76.4 MHz, C6D6): δ −230.54 (d, 1JPSe = 704 Hz). EIMS: envelope
centered on m/z 408.2 (M+).
[SePPh2(C6F5)] (4) Pale pink, 57% yield. C18H10F5PSe requires C 50.1, H 2.34; found C 50.1,
H 2.34%. 1H NMR (400 MHz, CDCl3): δ 7.99–7.92 (m, 4H, C6H5), 7.58–7.47 (m, 6H, C6H5). 19F
NMR (376.5 MHz, CDCl3): δ −126.9 (s, 2F, C6F5), −147.1 (s, 2F, C6F5), −158.8 (s, 1F, C6F5). 31P{1H}
NMR (162.0 MHz, CDCl3): δ 20.42 (s + Se satellites, 1JPSe = 774 Hz). EIMS: envelope centred on m/z
431.9 (M+).
3.2. Crystallographic Studies
Compound 1, crystal data: C14H19B11O2, M = 338.20, monoclinic, P21/c, a = 15.0049(6),
b = 6.78992(18), c = 19.0043(6) Å, β = 112.135(4)◦, U = 1793.49(11) Å3, Z = 4, Dc = 1.253 Mg m−3,
µ = 0.069 mm−1, F(000) = 696. 37112 data to θmax = 31.23◦ were collected at 120.01(10) K on a Rigaku
Oxford Diffraction SuperNova diffractometer using Mo-Kα X-radiation. A total of 5441 unique
reflections (Rint = 0.0424) were used to solve (using SHELXS [33]) and refine (using SHELXL [34]) the
structure within the Olex2 [35] package. R1 = 0.0480, wR2 = 0.1189 for data with I ≥ 2σ(I), S (all data)
= 1.073, Emax, Emin = 0.38, −0.23 eÅ−3, respectively. CCDC 1848620.
Compound 2, crystal data: C14H21B10PSe, M = 407.34, monoclinic, P21/c, a = 8.7241(4),
b = 25.2149(11), c = 9.4588(4) Å, β = 111.615(2)◦, U = 1934.41(15) Å3, Z = 4, Dc = 1.399 Mg m−3,
µ = 2.018 mm−1, F(000) = 816. 58543 data to θmax = 34.07◦ were collected at 100.00(10) K on a Bruker
X8 APEXII diffractometer using Mo-Kα X-radiation. A total of 7897 unique reflections (Rint = 0.0451)
were used to solve and refine the structure, as for compound 1. R1 = 0.0256, wR2 = 0.0592 for data with
I ≥ 2σ(I), S (all data) = 1.030, Emax, Emin = 0.48, −0.36 eÅ−3, respectively. CCDC 1848621.
Compound 3, crystal data; C14H21B10PSe, M = 407.34, orthorhombic, Pbca, a = 9.9130(5),
b = 18.9783(9), c = 20.7608(10) Å, U = 3905.8(3) Å3, Z = 8, Dc = 1.385 Mg m−3, µ = 1.999 mm−1,
F(000) = 1632. 51443 data to θmax = 31.49◦ were collected at 100.00(10) K on a Bruker X8 APEXII
diffractometer using Mo-Kα X-radiation. A total of 6491 unique reflections (Rint = 0.0693) were used to
solve and refine the structure, as for compound 1. R1 = 0.0389, wR2 = 0.0899 for data with I ≥ 2σ(I),
S (all data) = 1.027, Emax, Emin = 0.81, −0.86 eÅ−3, respectively. CCDC 1848622.
Compound 4, crystal data; C18H10F5PSe, M = 431.19, monoclinic, P21/c, a = 16.3024(12),
b = 7.2293(5), c = 14.4191(11) Å, β = 104.365(4)◦, U = 1646.2(2) Å3, Z = 4, Dc = 1.740 Mg m−3,
µ = 2.428 mm−1, F(000) = 848. 489984 data to θmax = 34.20◦ were collected at 100.00(10) K on a Bruker
X8 APEXII diffractometer using Mo-Kα X-radiation. A total of 6774 unique reflections (Rint = 0.0396)
Molecules 2018, 23, 3099 9 of 11
were used to solve and refine the structure, as for compound 1. R1 = 0.0262, wR2 = 0.0611 for data with
I ≥ 2σ(I), S (all data) = 1.056, Emax, Emin = 0.50, −0.46 eÅ−3, respectively. CCDC 1848623.
For 2 and 3, the cage C atoms were distinguished from B atoms by application of the Vertex-Centroid
Distance (VCD) and Boron-Hydrogen Distance (BHD) methods [36–38].
4. Conclusions
The first example of a carborane with a catecholborolyl substituent, 1, was prepared and fully
characterized, and was shown to enhance the catalysis of a Michael addition reaction by forming an
FLP with PPh3. A variety of carboranylphosphines were tested as FLP components in combination
with B(C6F5)3 as catalysts of a hydrosilylation reaction, with the strongly-basic V performing less
well than the relatively weakly basic IVa, whilst the very weakly basic IX was completely ineffective.
These results demonstrate that the ability to tune the Lewis acid and/or Lewis base strength of FLP
components is critical in optimizing their use as catalysts and suggest that the electronic tuneability of
carborane supports offers great potential in this respect.
Supplementary Materials: NMR and mass spectra of all new compounds reported. Details of the catalytic
runs. Crystallographic data for the structures reported in this paper have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publications nos. CCDC 1848620-1848623 (compounds 1–4).
Copies of the data can be obtained free of charge an application to CCDC, 12 Union Road, Cambridge CB2 1EZ,
UK (fax: +44-1223-336033; email: deposit@ccdc.cam.ac.uk or http://www.ccdc.cam.ac.uk).
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14. Janoušek, Z.; Lehmann, U.; Častulik, J.; Cisařová, I.; Michl, J. Li+-Induced σ-Bond metathesis: Aryl for
methyl exchange on boron in a methylated monocarbadodecaborate anion. J. Am. Chem. Soc. 2004, 126,
4060–4061. [CrossRef]
15. Svidlov, S.V.; Voloshin, Y.Z.; Yurgina, N.S.; Potapova, T.V.; Belyy, A.Y.; Ananyev, I.V.; Bubnov, Y.N. Synthesis,
structure, and reactivity of C-isopropyl-ortho-carborane organoboron derivatives. Russ. Chem. Bull. Int. Ed.
2014, 63, 2343–2350. [CrossRef]
16. Cheng, R.; Qiu, Z.; Xie, Z. Iridium-catalysed regioselective borylation of carboranes via direct B-H activation.
Nat. Commun. 2017, 8, 14827. [CrossRef]
17. Weber, L.; Kahlert, J.; Brockhinke, R.; Böhling, L.; Brockhinke, A.; Stammler, H.-G.; Neumann, B.;
Harder, R.A.; Fox, M.A. Luminescence properties of C-diazaborolyl-ortho-carboranes as donor–acceptor
systems. Chem. Eur. J. 2012, 18, 8347–8357. [CrossRef]
18. Weber, L.; Kahlert, J.; Böhling, L.; Brockhinke, A.; Stammler, H.-G.; Neumann, B.; Harder, R.A.; Low, P.J.;
Fox, M.A. Electrochemical and spectroelectrochemical studies of C-benzodiazaborolyl-ortho-carboranes.
Dalton Trans. 2013, 42, 2266–2281. [CrossRef]
19. Gimbert, C.; Lumbierres, M.; Marchi, C.; Moreno-Mañas, M.; Sebastián, R.M.; Vallribera, A. Michael additions
catalyzed by phosphines. An overlooked synthetic method. Tetrahedron 2005, 61, 8598–8605. [CrossRef]
20. Gómez-Bengoa, E.; Cuerva, J.M.; Mateo, C.; Echavarren, A.M. Michael reaction of stabilized carbon
nucleophiles catalyzed by [RuH2(PPh3)4]. J. Am. Chem. Soc. 1996, 118, 8553–8565. [CrossRef]
21. Saidi, M.R.; Azizi, N.; Akbari, E.; Ebrahimi, F. LiCO4/Et3N: Highly efficient and active catalyst for selective
Michael addition of active methylene compounds under solvent-free condition. J. Mol. Cat. A: Chem. 2008,
292, 44–48. [CrossRef]
22. Baslé, O.; Porcel, S.; Ladeira, S.; Bouhadir, G.; Bourissou, D. Phosphine-boronates: efficient bifunctional
organocatalysts for Michael addition. Chem. Commun. 2012, 48, 4495–4497. [CrossRef]
23. Tamke, S.; Daniliuc, C.-G.; Paradies, J. Frustrated Lewis pair catalyzed hydrosilylation and hydrosilane
mediated hydrogenation of fulvenes. Org. Biomol. Chem. 2014, 12, 9139–9144. [CrossRef]
24. Riley, L.E.; Krämer, T.; McMullin, C.L.; Ellis, D.; Rosair, G.M.; Sivaev, I.B.; Welch, A.J. Large, weakly basic
bis(carboranyl)phosphines: an experimental and computational study. Dalton Trans. 2017, 46, 5218–5228.
[CrossRef]
25. Allen, D.W.; Taylor, B.F. The chemistry of heteroarylphosphorus compounds. Part 15. Phosphorus-31
nuclear magnetic resonance studies of the donor properties of heteroarylphosphines towards selenium and
platinum(II). J. C. S. Dalton 1982, 51–54. [CrossRef]
26. Beckmann, U.; Süslüyan, D.; Kunz, P.C. Is the 1JPSe coupling constant a reliable probe for the basicity of
phosphines? A 31P NMR study. phosphorus. Sulfur Silicon Relat. Elem. 2011, 186, 2061–2070. [CrossRef]
27. Bondi, A. van der Waals volumes and radii. J. Phys. Chem. 1964, 68, 441–451. [CrossRef]
28. Kivekäs, R.; Teixidor, F.; Viñas, C.; Nuñez, R. 1-Diphenylphosphino-1,2-dicarba-closo-dodecaborane(12) at
153 K. Acta Cryst. 1995, C51, 1868–1870.
29. Nuñez, R.; Viñas, C.; Teixidor, F.; Sillanpää, R.; Kivekäs, R. Contribution of the o-carboranyl fragment to
the chemical stability and the 31P-NMR chemical shift in closo-carboranylphosphines. Crystal structure of
bis(1-yl-2-methyl-1,2-dicarba-closo-dodecaborane)phenylphosphine. J. Organometal. Chem. 1999, 592, 22–28.
[CrossRef]
30. Fey, N.; Haddow, M.F.; Mistry, R.; Norman, N.C.; Orpen, A.G.; Reynolds, T.J.; Pringle, P.G. Regioselective
B-Cyclometalation of a bulky o-carboranyl phosphine and the unexpected formation of a dirhodium(ii)
complex. Organometallics 2012, 31, 2907–2913. [CrossRef]
31. Fein, M.M.; Grafstein, D.; Paustian, J.E.; Bobinski, J.; Lichstein, B.M.; Mayes, N.; Schwartz, N.N.; Cohen, M.S.
Carboranes. II. The preparation of 1- and 1,2-substituted carboranes. Inorg. Chem. 1963, 2, 1115–1119.
[CrossRef]
32. Brain, P.T.; Cowie, J.; Donohue, D.J.; Hnyk, D.; Rankin, D.W.H.; Reed, D.; Reid, B.D.; Robertson, H.E.;
Welch, A.J.; Hofmann, M.; et al. 1-Phenyl-1, 2-dicarba-closo-dodecaborane, 1-Ph-1, 2-closo-C2B10H11.
Synthesis, characterization, and structure as determined in the gas phase by electron diffraction, in the
crystalline phase at 199 K by X-ray diffraction, and by ab initio computations. Inorg. Chem. 1996, 35,
1701–1708.
Molecules 2018, 23, 3099 11 of 11
33. Sheldrick, G.M. A short history of SHELX. Acta Cryst. 2008, A64, 112–122. [CrossRef]
34. Sheldrick, G.M. Crystal structure refinement with SHELXL. Acta Cryst. 2015, C71, 3–8.
35. Dolomanov, O.V.; Bourhis, L.J.; Gildea, R.J.; Howard, J.A.K.; Puschmann, H. OLEX2: A complete structure
solution, refinement and analysis program. J. Appl. Cryst. 2009, 42, 339–341. [CrossRef]
36. McAnaw, A.; Scott, G.; Elrick, L.; Rosair, G.M.; Welch, A.J. The VCD method‚A simple and reliable way
to distinguish cage C and B atoms in (hetero)carborane structures determined crystallographically. Dalton
Trans. 2013, 42, 645–664. [CrossRef]
37. McAnaw, A.; Lopez, M.E.; Ellis, D.; Rosair, G.M.; Welch, A.J. Asymmetric 1,8/13,2,x-M2C2B10 14-vertex
metallacarboranes by direct electrophilic insertion reactions; the VCD and BHD methods in critical analysis
of cage C atom positions. Dalton Trans. 2014, 43, 5095–5105. [CrossRef]
38. Welch, A.J. What can we learn from the crystal structures of metallacarboranes? Crystals 2017, 7, 234.
[CrossRef]
Sample Availability: Samples of the compounds not available.
© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
On the Basicity of Carboranylphosphines
Amanda Benton,† Derek J. Durand,‡ Zachariah Copeland,† James D. Watson,† Natalie Fey,*,‡
Stephen M. Mansell,*,† Georgina M. Rosair,† and Alan J. Welch*,†
†Institute of Chemical Sciences, Heriot-Watt University, Edinburgh EH14 4AS, U.K.
‡School of Chemistry, University of Bristol, Cantock’s Close, Bristol BS8 1TS, U.K.
*S Supporting Information
ABSTRACT: Three new carboranylphosphines, [1-(1′-closo-1′,7′-
C2B10H11)-7-PPh2-closo-1,7-C2B10H10], [1-(1′−7′-PPh2-closo-1′,7′-
C2B10H10)-7-PPh2-closo-1,7-C2B10H10], and [1-{PPh-(1′-closo-1′,2′-
C2B10H11)}-closo-1,2-C2B10H11], have been prepared, and from a
combination of these and literature compounds, eight new
carboranylphosphine selenides were subsequently synthesized. The
relative basicities of the carboranylphosphines were established by
(i) measurement of the 1JPSe NMR coupling constant of the selenide
and (ii) calculation of the proton affinity of the phosphine, in an
attempt to establish which of several factors are the most important in controlling the basicity. It is found that the basicity of the
carboranylphosphines is significantly influenced by the nature of other substituents on the P atom, the nature of the carborane
cage vertex (C or B) to which the P atom is attached, and the charge on the carboranylphosphine. In contrast, the basicity of the
carboranylphosphines appears to be relatively insensitive to the nature of other substituents on the carborane cage, the isomeric
form of the carborane, and whether the cage is closo or nido (insofar as that does not alter the charge on the cluster). Such
information is likely to be of significant importance in optimizing future applications of carboranylphosphines, e.g., as
components of frustrated Lewis pairs.
■ INTRODUCTION
The first carboranylphosphine, [1,2-(PPh2)2-closo-1,2-
C2B10H10] (VI),
1e was reported in the 5th of a landmark
series of 10 contiguous papers published in Inorganic Chemistry
in 1963 describing the icosahedral carboranes [closo-1,2-
C2B10H12] and [closo-1,7-C2B10H12] and their early deriva-
tives.1 Since then, carboranylphosphines have been extensively
studied, in large measure because incorporating a carborane
unit into a phosphine affords a species that is usually readily
synthesized, relatively stable, and considerably sterically and
electronically tunable, thus facilitating extensive chemistry
including coordination chemistry.2
Our interest in carboranylphosphines stems from our recent
report of the use of such species as the Lewis base component
of frustrated Lewis pairs (FLPs).3 We were attracted to
carboranylphosphines for this application for the reasons given
above, in particular the possibility of almost limitless tunability
of the Lewis base strength that a carborane scaffold potentially
affords. Control of the acid and/or base strength of Lewis
acid/Lewis base components of FLPs is important in
optimizing the use of FLPs in catalysis,4 and therefore it is
essential that, for carboranylphosphines, we understand the
factors that influence their Lewis base strength. It is now well
established that a carborane substituted at C acts as an
electron-withdrawing group (EWG), while when substituted at
B distant from C, it is an electron-donating group (EDG),5 but
there is much more variability inherent in carboranes. The
carborane cage can exist in differing isomeric forms, can be
deboronated to afford a nido anion, and can be substituted at
both the B and C vertices with a wide variety of groups. It is
thus of interest to explore how these variations will be reflected
in the basicity of an appended phosphine.
In this contribution, we explore the relative basicities of a
range of both new and literature-reported carboranylphos-
phines through their derivatization to the corresponding
selenide, making use of the well-established inverse correlation
between the base strength and 1J 31P−77Se NMR coupling
constant.6 We also describe calculations on selected carbor-
anylphosphines to estimate the proton affinities (PAs), and we
show how these can serve as surrogates in rank-ordering the
phosphine basicity in cases where the selenide is unobtainable.
Chart 1 summarizes the phosphines or their selenides
considered in this work. If the phosphine is a literature species,
it is denoted by a Roman numeral (I, II, III, etc.), whereas if it
is reported here for the first time, an Arabic numeral is used (1,
2, 3, etc.). Selenides are described by appending either Se or
Se2 to the appropriate phosphine numeral (ISe, VIISe2, 3Se,
etc.). All of the selenides described in this paper are previously
unreported with the exception of ISe,3 IVSe,7 VSe,7 VISe,7
IXSe,3 and XISe.8
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Synthesis and Spectroscopic Characterization. Experiments
were performed under dry, oxygen-free dinitrogen using standard
Schlenk techniques, although subsequent manipulations were occa-
sionally performed in the open laboratory. Solvents were freshly
distilled under nitrogen from the appropriate drying agent [40:60
petroleum ether (petrol) and diethyl ether; sodium wire, CH2Cl2
(DCM); calcium hydride] and degassed (three freeze−pump−thaw
cycles) before use. Toluene and fluorobenzene were stored over 4 Å
molecular sieves and degassed before use. Deuterated solvents
[CDCl3 and (CD3)2CO] for NMR spectroscopy were stored over 4
Å molecular sieves prior to use with additional drying procedures for
C6D6 (distilled under dinitrogen from molten potassium). Preparative
thin-layer chromatography (TLC) employed 20 × 20 cm2 Kieselgel
F254 glass plates, and column chromatography used 60 Å silica as the
stationary phase. NMR spectra at 400.1 MHz (1H), 128.4 MHz (11B),
162.0 MHz (31P), and 76.4 MHz (77Se) were recorded on a Bruker
AVIII-400 spectrometer at room temperature. Elemental analyses
were conducted using an Exeter CE-440 elemental analyzer. Electron
ionization mass spectrometry (EIMS) was carried out using a Thermo
MAT900XP-Trap mass spectrometer at the University of Edinburgh.
Carboranylphosphines VII,9 VIII,10 and XII,11 1,1′-bis(m-carbor-
ane),12c and the carboranylphosphine selenide ISe3 were prepared
according to the literature. Compound II was synthesized by a
published procedure13 but using stoichiometric amounts of reagent,
affording a significantly enhanced yield. All other reagents were
purchased from commercial sources (Sigma-Aldrich, Fluorochem,
Acros Organics, and Katchem) and used without further purification.
[1-(1′-closo-1′,7′-C2B10H11)-7-PPh2-closo-1,7-C2B10H10] (1). 1,1′-
Bis(m-carborane) (300 mg, 1.05 mmol) was dissolved in toluene (25
mL). The solution was cooled to 0 °C before nBuLi (0.85 mL of a 1.6
M solution in hexanes, 1.36 mmol) was added dropwise. The pale-
yellow suspension was stirred for 2 h at room temperature and then
cooled to 0 °C. ClPPh2 (0.25 mL, 1.36 mmol) was added dropwise.
The suspension turned from yellow to white and was stirred overnight
at room temperature. Toluene (2 × 5 mL) was added to the reaction
mixture, and the soluble materials were filtered off and evaporated to a
white solid. The product was purified by preparative TLC (30:70
Chart 1. Carboranylphosphines Considered in This Study and, If Known, Their Selenidesa
aRoman numerals denote phosphines reported previously. Arabic numerals denote phosphines reported here for the first time. Selenides are
denoted by appending Se or Se2 to label. The selenides IISe, VIISe2, 1Se, 2Se2, 3Se, VIIISe, XSe
−, and 4Se are previously unreported.
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DCM/petrol; Rf = 0.65) and isolated as a white solid (136 mg, 28%).
During purification, compound 2 was also isolated (47 mg, 7%). 1H
NMR (CDCl3): δ 7.78−7.73 (m, 4H, C6H5), 7.49−7.43 (m, 6H,
C6H5), 2.91 (br s, 1H, CcageH).
11B{1H} NMR (CDCl3): δ −1.1 to
−5.9 (3B), −5.9 to −15.8 (17B). 31P{1H} NMR (CDCl3): δ 20.7 (s).
EIMS: envelope centered on m/z 470.5 (M+).
[1-(1′−7′-PPh2-closo-1′,7′-C2B10H10)-7-PPh2-closo-1,7-C2B10H10]
(2). Similarly, 1,1′-bis(m-carborane) (300 mg, 1.05 mmol) in toluene
(30 mL) at 0 °C was deprotonated with nBuLi (1.96 mL of a 1.6 M
solution in hexanes, 3.14 mmol) before ClPPh2 (0.58 mL, 3.14 mmol)
was added. Products were extracted into toluene (2 × 5 mL), filtered,
purified by preparative TLC (30:70 DCM/petrol; Rf = 0.47), and
isolated as white solids (compound 2, 50 mg, 11%; compound 1, 54
mg, 11%). Single crystals of 2 were grown from a concentrated
solution of fluorobenzene layered with petrol at −20 °C. 1H NMR
(CDCl3): δ 7.65−7.61 (m, 8H, C6H5), 7.42−7.33 (m, 12H, C6H5).
11B{1H} NMR (CDCl3): δ −1.2 to −6.3 (4B), −6.3 to −15.8 (16B).
31P{1H} NMR (CDCl3): δ 20.8 (s). EIMS: envelope centered on m/z
654.4 (M+).
[1-{PPh-(1′-closo-1′,2′-C2B10H11)}-closo-1,2-C2B10H11] (4). To a
solution of [closo-1, 2-C2B10H12] (300 mg, 2.08 mmol) in Et2O (15
mL) at 0 °C was added dropwise nBuLi (1.30 mL of a 1.6 M solution
in hexanes, 2.08 mmol). The solution was stirred at 0 °C for 0.5 h
before being warmed to room temperature and stirred for 1 h. The
solution was then recooled to 0 °C before the dropwise addition of
PPhCl2 (0.14 mL, 1.04 mmol). The white suspension was stirred
overnight and then heated to reflux for 2 h. Following filtration, the
solvent was removed from the filtrate to afford a white solid. The
product was purified via preparative TLC (20:80 DCM/petrol; Rf =
0.65) and isolated as a viscous white oil (40 mg, 10%). 1H NMR
(CDCl3): δ 7.79−7.75 (m, 1H, C6H5), 7.69−7.57 (m, 3H, C6H5),
7.53−7.49 (m, 1H, C6H5), 3.65 (br s, 2H, CcageH). 11B{1H} NMR
(CDCl3): δ 0.2 (2B), −1.9 (2B), −6.8 (4B), −10.1 (4B), −12.5 (8B).
31P{1H} NMR (CDCl3): δ 55.5 (s). EIMS: envelope centered on m/z
394.3 (M+).
[BTMA][7-PPh2-nido-7,8-C2B9H11] ([BTMA]X; BTMA = Benzyltri-
methylammonium). Following the procedure established for the
[NMe4]
+ salt of the same anion,11 a solution of [1-PPh2-closo-1,2-
C2B10H11] (500 mg, 1.52 mmol) in piperidine (7.52 mL, 76 mmol)
was heated to reflux for 0.5 h before being allowed to cool and stirred
at room temperature for 0.5 h. Toluene (20 mL) was then added, and
the reaction mixture was again heated to reflux for 28 h. The solution
was then concentrated to an oil in vacuo to remove excess piperidine.
Toluene (5 mL) was added and the solution reconcentrated. This
procedure was repeated two more times to ensure the removal of
piperidine, which solubilizes the product. The solid was then
dissolved in ethanol (5 mL) and an aqueous solution of excess
[BTMA]Cl added, affording a white precipitate, which was filtered off.
The filtrate was concentrated to an oil and water (5 mL) added to
obtain a second crop of product. The white solids were combined and
dried in vacuo (427 mg, 60%). Crystals suitable for diffraction were
grown from a concentrated DCM solution layered with petrol at −20
°C. Calcd for C24H37B9NP: C, 61.6; H, 7.97; N, 2.99. Found for
[BTMA]X: C, 60.7; H, 8.04; N, 3.13. 1H NMR [(CD3)2CO]: δ
7.86−7.27 (m, 15H, C6H5), 4.49 (s, 2H, CH2), 3.10 (s, 9H, CH3),
1.88 (br s, 1H, CcageH).
11B{1H} NMR [(CD3)2CO]: δ −8.7 (1B),
−9.4 (1B), −14.8 (2B), −15.6 (1B), −17.6 (1B), −20.4 (1B), −32.2
(1B), −36.0 (1B). 31P{1H} NMR [(CD3)2CO]: δ 17.6 (s).
[1-P(Se)Ph2-closo-1,7-C2B10H11] (IISe), [1,7-{P(Se)Ph2}2-closo-1,7-
C2B10H10] (VIISe2), [1-{1′−7′-P(Se)Ph2-closo-1′,7′-C2B10H10}-7-P(Se)-
Ph2-closo-1,7-C2B10H10] (2Se2), and [1-{P(Se)Ph-(1′-closo-1′,2′-
C2B10H11)}-closo-1,2-C2B10H11] (4Se). These carboranylphosphine
selenides were prepared by the general method of heating to reflux
a solution of the appropriate carboranylphosphine in toluene with an
excess (typically 10−30-fold) of elemental Se for between 16 and 48
h. The excess Se was filtered off and washed with DCM. The filtrate
and washings were combined and evaporated to dryness to afford the
products as analytically pure white solids.
Compound IISe. From 0.31 mmol of phosphine was produced 82
mg of product. Yield: 66%. Calcd for C14H21B10PSe: C, 41.3; H, 5.20.
Found for IISe; C, 41.0; H, 5.23. 1H NMR (400 MHz, CDCl3): δ
8.27−8.22 (m, 4H, C6H5), 7.59−7.48 (m, 6H, C6H5), 2.97 (br s, 1H,
CcageH).
11B{1H} NMR (CDCl3): δ −4.1 (1B), −4.7 (1B), −9.8
(2B), −10.5 (2B), −12.3 (2B), −14.5 (2B). 31P{1H} NMR (CDCl3):
δ 45.2 (s + Se satellites, 1JPSe = 797 Hz). EIMS: envelope centered on
m/z 407.1 (M+). Single crystals grown from slow evaporation of a
fluorobenzene solution.
Compound VIISe2. From 0.22 mmol of phosphine was produced
110 mg of product. Yield: 57%. Calcd for C26H30B10P2Se2: C, 46.6; H,
4.51. Found for VIISe2; C, 46.6; H, 4.63.
1H NMR (CDCl3): δ 8.21−
8.15 (m, 8H, C6H5), 7.58−7.46 (m, 12H, C6H5). 11B{1H} NMR
(CDCl3): δ −2.6 (2B), −9.2 (6B), −12.3 (2B). 31P{1H} NMR
(CDCl3): δ 46.4 (s + Se satellites,
1JPSe = 804 Hz). EIMS: envelope
centered on m/z 670.1 (M+). Single crystals grown from a
concentrated DCM solution.
Compound 2Se2. From 0.03 mmol of phosphine was produced 17
mg of product. Yield: 68%. 1H NMR (CDCl3): δ 8.16−8.11 (m, 8H,
C6H5), 7.52−7.45 (m, 12H, C6H5). 11B{1H} NMR (CDCl3): δ 0.8 to
−3.7 (2B), −3.7 to −6.9 (2B), −6.9 to −18.8 (16B). 31P{1H} NMR
(CDCl3): δ 46.2 (s + Se satellites,
1JPSe = 802 Hz). EIMS: envelope
centered on m/z 813.4 (M+). Crystals grown from a concentrated
DCM solution layered with petrol at −20 °C.
Compound 4Se. From 0.10 mmol of phosphine was produced 20
mg of product. Yield: 42%. 1H NMR (CDCl3): δ 8.30−8.24 (m, 1H,
C6H5), 8.09−8.04 (m, 1H, C6H5), 7.78−7.49 (m, 3H, C6H5), 4.67 (br
s, 2H, CcageH).
11B{1H} NMR (CDCl3): δ 1.3 (2B), −2.4 (2B), −6.8
(4B), −10.2 (4B), −12.7 (8B). 31P{1H} NMR (CDCl3): δ 68.2 (s +
Se satellites, 1JPSe = 846 Hz). EIMS: envelope centered on m/z 473.3
(M+). Crystals from slow evaporation of a petrol solution.
[1-(1′-closo-1′,7′-C2B10H11)-7-P(Se)Ph2-closo-1,7-C2B10H10] (1Se).
Elemental Se (161 mg, 1.91 mmol) was added to a CDCl3 solution
(0.8 mL) of 1 (30 mg, 0.064 mmol) in a J. Young NMR tube. The
mixture was heated to 70 °C overnight, following which the solution
was filtered to remove excess Se and subsequently washed with DCM.
The combined solutions were then concentrated to a white solid (31
mg, 90%). Crystals suitable for a diffraction study were grown from a
concentrated solution of DCM layered with petrol at −20 °C. 1H
NMR (CDCl3): δ 8.24−8.19 (m, 4H, C6H5), 7.60−7.50 (m, 6H,
C6H5), 2.94 (br s, 1H, CcageH).
11B{1H} NMR (CDCl3): δ 2.1 to
−6.5 (3B), −6.5 to −20.8 (17B). 31P{1H} NMR (CDCl3): δ 46.2 (s +
Se satellites, 1JPSe = 802 Hz).
77Se NMR (CDCl3): δ −204.65 (d, 1JPSe
= 803 Hz). EIMS: envelope centered on m/z 549.3 (M+).
[1-P(Se)(H)tBu-closo-1,2-C2B10H11] (3Se). The carboranylphos-
phine [1-PtBu2-closo-1,2-C2B10H11] (VIII; 260 mg, 0.9 mmol) was
dissolved in toluene (15 mL), and elemental Se (710 mg, 9.0 mmol)
was added. The suspension was heated to reflux overnight before
being allowed to cool to room temperature. The excess Se was filtered
off and washed with DCM. The combined solutions were evaporated
to yield a yellow solid (130 mg, 46%). Crystals suitable for diffraction
were grown from slow evaporation of a concentrated solution in
DCM. 1H NMR (CDCl3): δ 6.33 (d,
1JPH = 468 Hz, 1H, PH), 4.75
(br s, 1H, CcageH), 1.43 [d,
3JPH = 36 Hz, 9H, C(CH3)3].
11B{1H}
NMR (CDCl3): δ 0.2 (1B), −2.4 (1B), −6.5 (1B), −7.4 (1B), −10.6
(1B), −11.8 (3B), −13.6 (1B), −14.4 (1B). 31P{1H} NMR (CDCl3):
δ 58.0 (s + Se satellites, 1JPSe= 792 Hz).
31P NMR (CDCl3): δ 58.0 (d,
1JPH = 468 Hz). EIMS: envelope centered on m/z 312.1 (M
+).
[1-P(Se)(tBu)2-closo-1,2-C2B10H11] (VIIISe). Compound VIII (12
mg, 0.05 mmol) was dissolved in C6D6 (0.7 mL) in a J. Young NMR
tube, and Se (41 mg, 0.52 mmol) was added. The tube was
thoroughly shaken and left at room temperature for 16 days, at which
time the reaction was judged to have gone to completion by 31P{1H}
NMR spectroscopy. Excess Se was removed by filtration prior to
NMR analysis. 1H NMR (C6D6): δ 4.54 (br s, 1H, CcageH), 1.20 [d,
3JPH = 16.0 Hz, 18H, C(CH3)3].
11B{1H} NMR (C6D6): δ 1.9 (1B),
−1.7 (1B), −7.8 (2B), −9.4 (2B), −11.0 (2B), −12.9 (2B). 31P{1H}
NMR (C6D6): δ 106.0 (s + Se satellites,
1JPSe = 777 Hz).
77Se NMR
(C6D6): δ −287.5 (d, 1JPSe = 777 Hz).
[BTMA][7-P(Se)Ph2-nido-7,8-C2B9H11] ([BTMA]XSe). The carbor-
anylphosphine selenide ISe (120 mg, 0.29 mmol) was dissolved in
ethanol (30 mL) and piperidine (0.28 mL, 2.9 mmol) added. The
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solution was heated to reflux overnight, then cooled to room
temperature, and evaporated to a colorless oil. Excess piperidine was
removed by dissolving the oil in the minimal volume of toluene and
evaporating the solution in vacuo. The oil was then dissolved in
ethanol (10 mL), and an excess aqueous solution of [BTMA]Cl was
added. A white precipitate formed, which was collected by filtration
and isolated (70 mg, 44%). Single crystals were grown from a
concentrated DCM solution layered with petrol at −20 °C. Calcd for
C24H37B9NPSe: C, 52.7; H, 6.82; N, 2.56. Found for [BTMA]XSe: C,
52.2; H, 6.91; N, 2.57. 1H NMR [(CD3)2CO]: δ 7.94−7.11 (m, 15H,
C6H5), 4.75 (s, 2H, CH2), 3.32 (s, 9H, CH3), 2.43 (br s, 1H, CcageH),
−2.63 (br s, 1H, BHB). 11B{1H} NMR [(CD3)2CO]: δ −8.5 (1B),
−10.0 (1B), −13.3 (1B), −14.4 (2B), −18.4 (1B), −19.2 (1B), −31.2
(1B), −35.5 (1B). 31P{1H} NMR [(CD3)2CO]: δ 50.1 (s + Se
satellites, 1JPSe = 737 Hz).
Crystallographic Studies. Methods used to obtain single crystals
suitable for diffraction have been noted above for each new species. In
addition, we have crystallographically characterized the known
carboranylphosphine [1-PPh2-closo-1,7-C2B10H11] (II) using crystals
grown from the slow evaporation of a DCM/petrol solution. All
crystals were obtained without occluded solvent except for 4Se, which
crystallized with 0.5 molecules of 2,3-dimethybutane per asymmetric
unit, i.e., 4Se·0.5C6H14. Diffraction data from compounds 2, 3Se,
IISe, and VIISe2 and salts [BTMA]X and [BTMA]XSe were collected
at 100 K using a Bruker X8 APEX II diffractometer operating with Mo
Kα radiation. Data from 1Se, 2Se2, and 4Se·0.5C6H14 were measured
at 120 K on a Rigaku Oxford Diffraction SuperNova diffractometer at
the University of Edinburgh, with the first two using Mo Kα and the
last Cu Kα radiation. Data from II were obtained at 150 K on a
Bruker D8 Venture diffractometer equipped with Mo Kα radiation at
the University of Glasgow. All samples were single crystals except for
2, [BTMA]XSe, and IISe, each of which crystallized as two-
component twins. Using OLEX2,14 structures were solved by direct
methods using the SHELXS15 or SHELXT16 program and refined by
full-matrix least squares using SHELXL.17 In all cases, the crystallo-
graphic models were fully ordered. Cage C atoms bearing only H
substituents were clearly distinguished from B atoms using both the
vertex−centroid distance (VCD) and boron−hydrogen distance
(BHD) methods,18 requiring positional refinement of CcageH and
BH atoms. In 3Se, the PH atom and, in [BTMA]X and [BTMA]XSe,
the BHB bridging atoms were also positionally refined. All other H
atoms were treated as riding on their respective C atom, with
Cprimary−H 0.98 Å, Csecondary−H 0.99 Å, Ctertiary−H 1.00 Å, and
Cphenyl−H 0.95 Å. H-atom displacement parameters were constrained
to 1.2Ueq (bound B or C) except for MeH atoms, 1.5Ueq (Cmethyl).
The views of molecules whose structures are reported here were
drawn with OLEX2. Figure 4 was drawn with Mercury,19 using
coordinates retrieved from the Cambridge Structural Database
(CSD).20 The Supporting Information (SI) contains unit cell data
and further experimental details.
Computational Studies. All calculations used the Jaguar
package,21 and the standard Becke−Perdew (BP86)22 density
functional. The 6-31G* basis set was used for all atoms, along with
the polarizable continuum model, as implemented in Jaguar,22e using
ethanol as the solvent. “Loose” convergence (5 times larger than the
default criteria) was used for all geometry optimizations. See the SI for
full computational details and additional discussion.
■ RESULTS AND DISCUSSION
Preparation and Characterization of Carboranyl-
phosphines. The deprotonation of [1-(1′-closo-1′,7′-
C2B10H11)-closo-1,7-C2B10H11], trivial name 1,1′-bis(m-carbor-
ane),12 in toluene with slightly more than 1 equiv of nBuLi
followed by the reaction with ClPPh2 affords, after workup
involving TLC, as the major product (28%), the monosub-
stituted species 1 and, as the minor product (7%), the
disubstituted 2. If the same reaction is performed using 3 equiv
of nBuLi and ClPPh2, the same two species are obtained but in
equal yields (11% after TLC). Both products are readily
isolated in pure form by TLC. Compound 1 was characterized
by mass spectrometry and 1H, 11B{1H}, and 31P{1H} NMR
spectroscopies. Notable in the 1H NMR spectrum is a broad
singlet at δ 2.91 of the relative integral one assigned to CcageH.
Compound 2 was similarly characterized (no CcageH resonance
was observed), and, in addition, a single-crystal X-ray
diffraction study was undertaken. A perspective view of a
single molecule of 2 is shown in Figure 1. The molecule has
crystallographically imposed Ci symmetry about the midpoint
of the C1−C1′ bond, requiring that the C7···C1−C1′···C7′
and P1···C1−C1′···P1′ torsion angles are 180°. A similar
orientation was observed by Stadlbauer et al. for the
bis(amino)phosphine and aminophosphinite derivatives of
1,1′-bis(m-carborane),12c which also share C1−C1′ and C7−
P1 distances very similar to those in 2.
We have previously described compound XI, a species in
which a {PPh} fragment bridges between C2 and C2′ of 1,1′-
bis(o-carborane), forming a five-membered ring.8 Our next
target was an analogous compound but one in which the two o-
carborane cages were not linked. Deprotonation of [closo-1,2-
C2B10H12] with 1 equiv of
nBuLi followed by treatment with
0.5 equiv of PPhCl2 afforded 4 as a viscous oil, following
workup, characterized by mass spectrometry and 1H, 11B{1H},
and 31P NMR spectroscopies. Note that an analogous species
with Me groups attached to C2 and C2′, XII, was reported by
Teixidor and co-workers11 and subsequently crystallographi-
cally characterized by the same group.23
It would be reasonable to expect that the basicity of a
carboranylphosphine would change markedly upon deborona-
tion of the carborane to form a nido anion. We therefore
prepared [BTMA]X by mild deboronation of [1-PPh2-closo-
1,2-C2B10H11] with piperidine, followed by metathesis with
[BTMA]Cl, based on the procedure established for the
Figure 1. Perspective view of compound 2 with displacement
ellipsoids drawn at the 50% probability level except for H atoms. The
molecule has crystallographically imposed 1̅ (Ci) symmetry about the
midpoint of the C1−C1′ bond. Important interatomic distances (Å):
C1−C1′ 1.528(6), C7−P1 1.886(3).
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analogous [NMe4]
+ salt.11 The product was obtained in 60%
yield as a white crystalline solid, which was characterized by
elemental analysis, 1H, 11B{1H}, and 31P NMR spectroscopies,
and ultimately single-crystal X-ray diffraction (Figure 2). In the
carboranylphosphine anion X−, the B10−B11 connectivity is
bridged asymmetrically by an H atom.
Finally, we have resynthesized and structurally characterized
the known carboranylphosphine II. The original synthesis used
only 0.3 equiv of ClPPh2 and reported a yield of 23%.
13 Using
stoichiometric amounts of reagents, we obtained an isolated
yield of 57%. The molecular structure is shown in Figure 3.
The C1−P1 distance, 1.8770(13) Å, stands in excellent




Preparation and Characterization of Carboranyl-
phosphine Selenides. Phosphine selenides are usually
conveniently prepared by simply heating the phosphine with
an excess of elemental Se, frequently in toluene.6 This method
was successfully employed to prepare the new species IISe,
VIISe2, and 2Se2 in isolated yields of 57−68%. All three
compounds were characterized by mass spectrometry and 1H,
11B{1H}, and 31P{1H} NMR spectroscopies, and the identities
of IISe and VIISe2 were also confirmed by elemental analysis.
Notable in the 31P{1H} NMR spectra are both a downfield
shift in the resonance relative to that of the free phosphine (Δδ
typically ca. 25 ppm) and the appearance of satellites due to
1JPSe coupling. We will use the magnitude of this coupling as a
measure of the phosphine basicity, as discussed in the
following section. As far as we are aware, VIISe2 is the first
example of double selenation of carboranylbis(phosphine).
Viñas and co-workers reacted VI with 2 equiv of Se under
relatively mild conditions, and only one P atom was selenated.7
We repeated their reaction under much more forcing
conditions (20 equiv of Se, toluene reflux, 20 h), but again
only the monoselenated VISe was formed. Presumably, the
diselenide of VI is simply too sterically congested.
Surprisingly, heating to reflux a toluene solution of the
bis(carboranyl)phosphine XII with excess Se did not result in
any reaction, as monitored by 31P{1H} NMR spectroscopy. In
an attempt to understand this nonreaction, we examined the
structure of XII determined crystallographically.23 As shown in
Figure 4 (left), the molecule is oriented such that the Ph group
lies in the approximate molecular mirror plane and the Me
groups on the carborane units are syn with respect to each
other and to the lone pair of electrons on P. Figure 4 (right)
shows a space-filling representation of the molecule looking
down on the lone pair. We believe that there is simply
insufficient space for a Se atom to approach P to form the
selenide. Support for this assumption comes from %Vbur
calculations26 on phosphines XI (% Vbur = 32.0; does
selenate8), PMes3 (% Vbur = 49.2; does not selenate
27), and
XII (% Vbur = 52.2; does not selenate). While it is always
dangerous to attempt to rationalize reactions (or nonreactions)
in solution on the basis of a solid-state molecular structure, it is
likely that the molecular orientation observed in the crystal
structure of XII is maintained in solution. Although the Ph
resonances in the 1H NMR spectrum of XII are reported as
simply (m, 5H, C6H5),
11 we believe that the crowded nature of
the molecule means that the Ph group is not freely rotating.
This is because, in the less-crowded, non-Me analogue of XII,
compound 4, the Ph resonances fall into three well-defined
groups (m 1H, m 3H, and m 1H), which can only be
interpreted in terms of no rotation about the P−Ph bond. This
is supported by analysis of the calculated geometry for XII,
which highlights close steric interactions when the Ph ring is
rotated to lie perpendicular to the P lone pair (see the SI for
details and images). Even though compound 4 displays a
degree of stereochemical rigidity, the fact that the C2 and C2′
cage atoms are not methylated means that formation of the
selenide is not sterically blocked, and compound 4Se is
obtained in 42% yield by the standard method of heating to
reflux a solution of 4 in toluene with excess Se.
The selenides IISe, VIISe2, 2Se2, and 4Se were also studied
crystallographically, and perspective views of single molecules
together with key molecular parameters are provided in Figures
5 and 6. All structures were fully ordered, and in IISe and 4Se,
the cage CH vertices were unambiguously identified by
standard methods.18 An unexpected finding in the crystallo-
graphic study of 4Se was the presence of 2,3-dimethylbutane
(DMB) in the lattice located on a crystallographic inversion
center. Thus, a half-molecule of DMB cocrystallizes with one
molecule of 4Se. DMB (bp 57.9 °C) is a component of petrol
(40:60 petroleum ether) from which crystals were grown by
slow evaporation, and presumably the lattice formed by the
4Se molecules contains a cavity of appropriate size and shape
to accommodate the DMB solvate. There are only three entries
for DMB in the CSD.20 An early study of DMB at 80 K
Figure 2. Perspective view of the anion of [BTMA]X (the [BTMA]
cation omitted for clarity). Displacement ellipsoids as in Figure 1.
Important interatomic distances (Å): C7−C8 1.586(3), C7−P1
1.8388(19), B10−B11 1.768(3), B10−H 1.04(2), B11−H 1.32(2).
Figure 3. Perspective view of compound II. Displacement ellipsoids
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Figure 4. (left) Perspective view of compound XII showing the relative orientation of Ph and carboranyl groups about the P center. (right) Space-
filling representation of XII viewed looking down on the P lone pair.
Figure 5. (left) Perspective view of one of two crystallographically independent molecules of compound IISe. Displacement ellipsoids as in Figure
1. Important interatomic distances (Å): C1−P1 1.878(2), P1−Se1 2.1054(6), C1′−P1′ 1.873(2), P1′−Se1′ 2.1018(6). (right) Perspective view of
compound VIISe2. Displacement ellipsoids as in Figure 1. Important interatomic distances (Å): C1−P1 1.8816(13), P1−Se1 2.0988(3), C7−P7
1.8813(13), P7−Se7 2.0957(4).
Figure 6. (left) Perspective view of compound 2Se2. Displacement ellipsoids as in Figure 1. The molecule has crystallographically imposed 1̅ (Ci)
symmetry about the midpoint of the C1−C1′ bond. Important interatomic distances (Å): C1−C1′ 1.524(4), C7−P1 1.890(2), P1−Se1 2.1009(6).
(right) Perspective view of compound 4Se together with the whole of the DMB solvate [crystallographically imposed 1̅ (Ci) symmetry about the
midpoint of the C2S−C2S′ bond]. Displacement ellipsoids as in Figure 1. Important interatomic distances (Å): C1−C2 1.666(3), C1−P1
1.900(2), C1′−C2′ 1.659(3), C1′−P1 1.890(2), P1−Se1 2.0845(5), C1S−C2S 1.511(5), C2S−C3S 1.532(5), C2S−C2S′ 1.514(7).
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reported unit cell dimensions but no space group and no
atomic coordinates.28 More recently, DMB was forced into a
Sc-based metal−organic framework at high pressure and
studied crystallographically at 0.2 and 0.4 GPa.29 However,
both determinations of DMB were imprecise, and there was
disorder, a consequence of which was that the molecule
appeared to be planar at the tertiary C atoms. In 4Se·0.5DMB,
the DMB molecule is fully ordered, and the present
determination therefore represents the only current crystallo-
graphic study of DMB that is both accurate and precise.
Compound 1Se, the selenide of the monophosphine
derivative of 1,1′-bis(m-carborane), was afforded in high
yield by heating a CDCl3 solution of 1 with Se in a J. Young
NMR tube at 70 °C. After isolation of the product from excess
Se, spectroscopic characterization confirmed the nature of 1Se
by the observation of a downfield shift of ca. 25 ppm in the
31P{1H} NMR spectrum and the presence of associated Se
satellites. Independently, the magnitude of the P−Se coupling
was determined by a 77Se NMR study, revealing a simple
doublet resonance. The structure of 1Se established crystallo-
graphically is shown in Figure 7 (left).
Wishing to prepare the selenide of a carboranylphosphine
with two large EDGs also attached to the P atom, we heated to
reflux a toluene solution of compound VIII10 with an excess of
elemental Se. After the usual workup, the product was isolated
as a yellow solid. Spectroscopic analysis, however, quickly
revealed that the expected species VIIISe had not been
formed. While the 31P{1H} NMR spectrum showed a singlet
with 77Se satellites, the resonance was shifted upf ield from that
in VIII, from δ 94.810 to 58.0. In the 1H NMR spectrum, in
addition to the broad singlet at δ 4.75 for CcageH, there was a
large doublet at δ 6.33 (J = 468 Hz) also integrating to 1H,
with the 9 tBu protons appearing as a smaller doublet (J = 36
Hz). These data were consistent with the presence of a
{P(Se)(H)tBu} fragment, with the large doublet due to 1JPH
and the smaller doublet due to 3JPH. Confirmation was afforded
by a 31P NMR spectrum, in which the sharp central singlet in
the 31P{1H} NMR spectrum gave way to a broad doublet, J =
468 Hz, with the 3JPH coupling not resolved. Thus, the product
was identified as 3Se, with confirmation subsequently afforded
by mass spectrometry and a single-crystal X-ray diffraction
study (Figure 7, center). In principle, loss of a tBu group and
its replacement by an H atom (possibly via β-elimination)
could occur from VIII directly or from its selenide, once
formed, under the conditions of the reaction. However, VIII
was found to be stable in refluxing toluene for ca. 72 h, while
[1-P(Se)tBu2-closo-1,2-C2B10H11] (VIIISe), subsequently suc-
cessfully prepared by performing the reaction at room
temperature, degraded to 3Se when heated to reflux in toluene
overnight. Note that [1-P(Se)(H)R-closo-1,2-C2B10H11] (R =
iPr, Cy), compounds analogous to 3Se are formed by
decomposition of the dimeric species [{μ1,2-SeP(R)Se-closo-
1,2-C2B10H10}2] in refluxing toluene.
30 Note also that VIIISe
was prepared in a small-scale reaction (12 mg of VIII in C6D6
in a J. Young NMR tube), so no yield was determined, but the
product was thoroughly characterized by multinuclear NMR
spectroscopy.
Our final synthetic target was an anionic nido-carboranyl-
phosphine selenide, currently unknown in the literature. Trials
involving direct reaction of the nido anion X− (as its [NMe4]
+
salt) with Se did not provide any evidence of P−Se bond
formation from the 31P{1H} NMR spectrum. This leaves
deboronation after selenation as the only viable route. The
established fragility of the P−Ccage bond in carboranylphos-
phines11 requires a mild deboronation protocol similar to that
used to prepare X−, but to avoid excessive amounts of
piperidine, we heated ISe in an ethanol/piperidine solution.11
Upon workup, the product, [7-P(Se)Ph2-nido-7,8-C2B9H11]
−
as its [BTMA]+ salt ([BTMA]XSe), was isolated as a white
powder in 44% yield.
[BTMA]XSe was characterized by elemental analysis, NMR
spectroscopies, and single-crystal X-ray diffraction. In the 1H
NMR spectrum are broad integral-1 singlets for CcageH and
BHB atoms at δ 2.43 and −2.63, respectively. The central
singlet in the 31P{1H} NMR spectrum is shifted downfield by
ca. 32 ppm relative to that in [BTMA]X and is accompanied
by the usual 77Se satellites. Figure 7 (right) shows a perspective
view of the anion.
Basicity of Carboranylphosphines. The primary objec-
tive of this study was to vary systematically the carboranyl-
phosphines and to investigate the effect this has on the
phosphine basicity, for reasons described in the Introduction.
Historically, many methods have been used to establish a rank
order of phosphine basicity including estimation of the pKa
values (of the conjugate acid) by potentiometric measure-
ments,31 measurement of the CO stretching frequencies in
Figure 7. Perspective views of the selenides: (left) 1Se; (center) 3Se; (right) XSe−. Displacement ellipsoids as in Figure 1. Important interatomic
distances (Å) for 1Se: C1−C1′ 1.533(4), C7−P1 1.889(3), P1−Se1 2.0907(8). Important interatomic distances (Å) for 3Se: C1−C2 1.654(7),
C1−P1 1.870(5), P1−Se1 2.0953(15), P1−H 1.43(2). Important atomic distances (Å) for XSe−: C7−C8 1.566(3), C7−P1 1.824(2), P1−Se1
2.1171(6), B10−B11 1.842(3), B10−H 1.08(3), B11−H 1.46(3).
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phosphine complexes such as [Ni(L)(CO)3],
32 measurement
of the coupling constants between 31P and other NMR-active
nuclei such as 11B33 or 195Pt,6a and experimental and
computational determination of the PAs.34 However, one of
the most convenient and popular experimental methods is to
convert the phosphine to its selenide and indirectly assess the
phosphine basicity via measurement of the 1JPSe coupling
constant,6 the approach we have used here. Our study would
include both new and literature carboranylphosphine selenides.
In a small number of cases, the carboranylphosphine selenide is
unknown, so we have also calculated the solvated PAs of a
large number of carboranylphosphines with density functional
theory (see the computational details and EI for further
information and discussion) to establish a correlation between
the PA and 1JPSe values for these species, which can be used as
a surrogate for 1JPSe for those species where the selenide is
unknown (III and XII), the simple monoselenide is unknown
(VII and 2), or, indeed, the carboranylphosphine is unknown
(XIII, XIV, XV, XVI−, and XVII).
Table 1 summarizes the carboranylphosphines considered,
together with their calculated PA values and the magnitudes of
the 1JPSe coupling constants of their selenides. Note that the
sign of 1JPSe was determined to be negative
35 but is
conventionally reported as the modulus, a convention we
will follow.
The direct correlation between 1JPSe in a phosphine selenide
and pKb of the corresponding phosphine is well-established,
and Figure 1 of ref 6b provides a convenient representation of
that correlation (note that the datum point for PtBu3 appears
to have been misplotted). Thus, the stronger the base, the
smaller the magnitude of 1JPSe. In Figure 8, we show
1JPSe
versus calculated PA for those carboranylphosphine selenides
in Table 1 for which both data are known (excluding
diselenides). Although there are a small number of slightly
more pronounced outliers (3, 4, IX, and XI), the relationship
between these parameters is described rather well by a straight
line, confirming that there is a reasonable inverse correlation
between 1JPSe and PA, with linear regression yielding R
2 = 0.86.
This again confirms that the stronger the base, the smaller the
magnitude of 1JPSe and provides us with an alternative means of
rank-ordering carboranylphosphine basicities if the selenide is
unknown or synthetically inaccessible.
Changing the Groups Attached to the P Atom. In the
carboranylphosphines I and 4, two of the groups bound to the
P atom are common, Ph and 1,2-closo-C2B10H11, while the
third group R varies. Replacing R = Ph in I by R = 1,2-closo-
C2B10H11 to give 4 has a dramatic effect on the
1JPSe values of
the corresponding selenides, with coupling constants of 799
and 846 Hz, respectively, measured. This is fully consistent
with a C-bound carborane group being strongly electron-
withdrawing, making 4 only weakly basic. Note that Spokoyny
and co-workers have previously found that, based on the
calculated charges of P atoms in phosphines, the closo-1,7-
C2B10H11 group is more electron-withdrawing than C6F5,
5e and
we have previously shown that, as measured by 1JPSe values, the
closo-1,2-C2B10H11 group is also more electron-withdrawing
than C6F5.
3 The calculated PAs of I, 4, and PPh2(C6F5),
36
265.3, 248.9, and 270.4 kcal mol−1, respectively, reflect their
differing basicities and confirm that an o-carboranyl group is
more strongly electron-withdrawing than perfluorophenyl.
Replacing both Ph groups in I with tBu groups has the
opposite effect, with 1JPSe of VIIISe measured as 777 Hz, as
expected because tBu is a classic EDG. VIII is calculated to be
the strongest of the C-bound carboranylphosphine bases in
this study [PA(VIII) = 274.0 kcal mol−1]. Note that the
analogous iPr species [1-P(Se)(iPr)2-closo-1,2-C2B10H11] has
been reported, but no 1JPSe is given.
7 For this, the calculated
PA is 273.5 kcal mol−1, in line with a slightly less electron-rich
alkyl substituent. The reduction in 1JPSe from ISe to VIIISe is
partially recovered in 3Se (1JPSe = 792 Hz, PA = 262.6 kcal
mol−1), in which one tBu is replaced by the more electron-poor
H. Analogues of 3Se with tBu replaced by iPr and Cy are
known and have similar 1JPSe values [799 and 805 Hz,
respectively, along with PA = 260.7 (iPr) and 259.6 (Cy) kcal
mol−1].31
An interesting comparison is that of the 1JPSe values of 4Se
(where the carborane cages are not linked) and XISe [cages
linked; a phosphine selenide based on 1,1′-bis(o-carborane)],8
846 and 891 Hz, respectively. This implies that the phosphine
XI is a weaker base than the phosphine 4, i.e., simply
connecting the two carborane cages significantly reduces the
carboranylphosphine basicity, as measured by 1JPSe. This can be
traced to rehybridization of the P atomic orbitals upon cage-
linking. Although the structure of 4 has not been determined
(the compound is an oil), that of the CcageMe analogue XII is
known23 and serves as an appropriate substitute (confirmed by
the close similarity of the calculated PAs of 4 and XII, 248.9
and 249.4 kcal mol−1, respectively). The structure of XI was
published 2 years ago.8 Figure 9 compares the crystallo-
graphically determined bond distances and interbond angles at
the P centers in XII and XI. There is practically no difference
in the equivalent distances, and the Ccage−P−Ph angles differ
by no more than 4°. However, the Ccage−P−Ccage angle in XI is
ca. 15° less than that in XII. This implies more P 3p character
Table 1. Carboranylphosphines, Selenides, 1JPSe Coupling








I ISe 799 265.3 3
II IISe 797 269.0 this work
III −a − 270.3 this work
IV IVSe 804 265.0 7
V VSe 812 266.6 7
VI VISe 807 265.5 7
VII −b − 268.9 this work
VII VIISe2 804 − this work
1 1Se 802 268.4 this work
2 −b − 267.2 this work
2 2Se2 802 − this work
3 3Se 792 262.6 this work
VIII VIIISe 777 274.0 this work
IX IXSe 704 280.3 3
X− XSe− 737 279.9 this work
XI XISe 891 248.8 8
XII −a − 249.4 this work
4 4Se 846 248.9 this work
XIIIc − − 270.7 this work
XIVc − − 269.9 this work
XVc − − 269.6 this work
XVI− c − − 285.4 this work
XVIIc − − 234.4 this work
aThe selenide is not known. bThe monoselenide is not known. cThe
carboranylphosphine is not known.
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in the P−Ccage bonds in XI and, consequently, more P 3s
character in the P lone pair, consistent with XI being the
weaker base. XISe has the largest 1JPSe value of all of the
carboranylphosphines surveyed here. XI and its Et analogue
are the least-basic carboranylphosphines currently known.8 In
terms of their calculated PAs, 4 and XI appear more similar
(PA = 248.9 and 248.8 kcal mol−1, with the corresponding gas-
phase data suggesting a greater difference; see the SI for
discussion). It is interesting to note that the linear relationship
shown in Figure 8 underestimates the 1JPSe data for the former
while overestimating it for the latter, highlighting the
limitations of this approach, as discussed further in the SI.
Changing the Group on the Second Cage C atom.
Here we compare two families of carboranylphosphine
selenides, one based on o-carborane and the other on m-
carborane. Replacing H on C2 in I with the formally EDG Me
to give IV and the formally EWG Ph to give V affords little
variation in the 1JPSe values of the corresponding selenides, 799,
804, and 812 Hz, respectively. A PPh2 unit attached to C2 also
has little effect, with 1JPSe for VISe being 807 Hz. Similarly, the
calculated PA values of the phosphines I, IV, V, and VI are
little varied, all lying between 265 and 267 kcal mol−1.
A very similar conclusion is drawn from consideration of the
m-carborane family. Compounds IISe, VIISe2, 1Se, and 2Se2
show minimal changes in the recorded 1JPSe values (797, 804,
802, and 802 Hz, respectively, also reflected in the PA data;
Table 1), implying that the basicities of the parent
carboranylphosphines are little different from each other, in
spite of the fact that, in 1 and 2, a strong EWG (a C-bound
carborane) is bonded to the reference cage at the C7 position.
In these two families of carboranylphosphines, a carborane is
a substituent to a PPh2 unit and the variation between
members is in the substituent to that substituent. The evidence
above appears to show that such second-order substitution has
very little, if any, influence on the basicity of the PPh2 group.
Changing the Carborane Isomer. It is well-known that
carboranes generally exist in more than one isomeric form.
Potentially the nature of the carborane isomer could influence
the Lewis basicity of an appended phosphine, but to date, no
study exploring this possibility has been reported. In I−III, the
C2B10H11 substituent to the PPh2 unit is present as respectively
the 1,2 (ortho), 1,7 (meta), and 1,12 (para) isomers. 1JPSe
values for ISe and IISe are practically the same, 799 and 797
Hz, respectively, suggesting that both o- and m-carboranes
have the same effect on the basicity of an appended PPh2
group. Although the carboranylphosphine III is a known
species,13 the high cost of [closo-1,12-C2B10H12] prevented us
from remaking it to subsequently synthesize the selenide IIISe.
However, the close similarity of the calculated PAs for all three
members of the family I−III (265−271 kcal mol−1) suggests
that the basicity of a carboranylphosphine is little altered by
changing the isomeric form of the carborane. We have also
calculated the PAs of two currently unknown derivatives of III,
[1-PPh2-12-Me-closo-1,12-C2B10H10] (XIII; PA = 270.7 kcal
mol−1) and [1-PPh2-12-Ph-closo-1,12-C2B10H10] (XIV; PA =
269.9 kcal mol−1). See Chart 2. The close similarity of these
PAs to the PA values of IV and V (265.0 and 266.6 kcal mol−1,
respectively) further supports the conclusion that changing the
carborane isomer has little effect, and their very close similarity
to the PA of III (270.3 kcal mol−1) reinforces the finding
above that changing the substituent on the second carbon
atom also has negligible effect.
Figure 8. Plot of 1JPSe (Hz) versus calculated PA (kcal mol
−1; see the SI for further discussion) for the known carboranylphosphine selenides and
their parent carboranylphosphines, respectively (data in Table 1).
Figure 9. Distances (Å, black) and angles (deg, red) around the P
atoms in (left) XII and (right) XI, showing a significant narrowing of
the Ccage−P−Ccage angle in the bis(carborane) cage.
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C-Bound versus B-Bound Phosphine. Early studies by
Hawthorne and co-workers,5a further developed by Teixidor et
al.5c and more recently by Spokoyny and colleagues,5d,e have
shown that, while a substituent attached to the C atom of a
carborane generally experiences an electron-withdrawing
effect,5b one attached to a B vertex distant from C experiences
electron donation. In the context of carboranylphosphines,
Spokoyny et al. compared the C-phosphino-m-carborane II
with the B9-phosphino analogue IX in terms of (i) their ability
to displace COD from [Pt(COD)Cl2], (ii) the CO stretching
frequency of the complex [trans-Rh(CO)(Cl)(phosphine)2],
and (iii) the calculated charges on the P atoms and the
energies of the P lone pairs of electrons.5e All of these studies
concluded that the P atom in IX is significantly more electron-
rich than that in II, i.e., that IX is more basic. Comparisons of
the calculated PAs of these carboranylphosphines and the 1JPSe
values of their selenides fully support this conclusion. Thus,
IISe has a 1JPSe value of 797 Hz compared to that of IXSe of
704 Hz,3 while the PA for IX is ca. 10 kcal mol−1 greater than
that of II (280.3 vs 269.0 kcal mol−1). The B9-substituted
phosphine IX is the most basic of all of the carboranylphos-
phines considered in this work. Note, however, that P-alkyl
analogues of IX appear, not surprisingly, to be somewhat more
basic.5e
closo- versus nido-Carborane. Of all of the selenides
considered in this study, the anionic nido species XSe− has the
second lowest 1JPSe value, 737 Hz [PA(X
−) = 279.9 kcal
mol−1], consistent with the carboranylphosphine X− being
strongly basic. However, because X− is the first nido-
carboranylphosphine to be reported, it is instructive to
consider whether its high basicity is due to it being nido or
anionic (or perhaps both).
The matter is readily resolved by a further PA calculation on
the currently unknown analogous neutral nido-carboranylphos-
phine XV (Chart 2), affording PA = 269.6 kcal mol−1, fully in
line with that of the parent closo-carboranylphosphine I,
implying that the high basicity of X− is predominantly due to
the fact that it is anionic. This is fully consistent with a recent
study by Lavallo and co-workers, who have demonstrated that
the C-functionalized anion [closo-1-CB11H12]
− is a much




This study has investigated, both experimentally and computa-
tionally, a number of factors that influence the basicity of
carboranylphosphines. As anticipated, significant changes in
the basicity arise from changing the nature of the other groups
directly attached to the P atom, as has been demonstrated
many times for phosphines in general. With specific reference
to carboranylphosphines, however, further significant mod-
ifications to the basicity arise from the charge on the carborane
cage and the nature of the cage vertex to which the P atom is
attached. In contrast, the isomeric nature and/or the
positioning of the substituents on the carborane cage appear
to have minimal influence on the phosphine basicity. The
carboranylphosphine basicity can be maximized by attaching
the P atom to a B atom distant from the C vertices of the
carborane and by having the cage carry a negative charge.
Thus, the currently unknown species [closo-2-PR2-1-CB11H11]
−
(XVI−; Chart 3) and its 7-PR2 and 12-PR2 isomers would be
predicted to be very strongly basic [PA(XVI−) = 285.4 kcal
mol−1]. On the other hand, the carboranylphosphine basicity
can be minimized by maximizing the number of C-bound
carborane cages and arranging for two of these to be linked.
Accordingly, the unique species [μ-2,2′-{P(1″-closo-1″,2′′-
C2B10H11)}-{1-(1′-closo-1′,2′-C2B10H10)-closo-1,2-C2B10H10}]
(XVII), also currently unknown, is expected to be an
exceptionally weak base, fully consistent with an extremely
low calculated PA of 234.4 kcal mol−1. Between these
extremes, a vast number of carboranylphosphines of differing
basicities can be envisaged. Given the ubiquitous nature of
phosphines in both transition-metal and metal-free catalysis,
this exceptional tunability in the basicity is likely to be
important in future applications of carboranylphosphines.
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M.; Frank, R.; Hey-Hawkins, E. Chiral Rhodium(I) Complexes of 1,2-
Bis-(chloroalkoxyphosphanyl)- and 1,2-Bis-(amidoalkoxyphosphan-
yl)-1,2-dicarba-closo-dodecaboranes(12). ChemistrySelect 2017, 2,
7407−7416.
(3) Benton, A.; Copeland, Z.; Mansell, S. M.; Rosair, G. M.; Welch,
A. J. Exploiting the Electronic Tuneability of Carboranes as Supports
for Frustrated Lewis Pairs. Molecules 2018, 23, 3099.
(4) Jupp, A. R.; Stephan, D. W. New Directions for Frustrated Lewis
Pair Chemistry. Trends in Chemistry 2019, 1, 35−47 and references
cited therein. .
(5) (a) Zheng, Z.; Diaz, M.; Knobler, C. B.; Hawthorne, M. F. A
Mercuracarborand Characterized by B-Hg-B Bonds: Synthesis and
Structure of cyclo-[(t-BuMe2Si)2C2B10H8Hg]3. J. Am. Chem. Soc. 1995,
117, 12338−12339. (b) Teixidor, F.; Nuñ́ez, R.; Viñas, C.; Sillanpaä,̈
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R.; Teixidor, F.; Viñas, C.; Nuñ́ez, R. 1-Diphenylphosphino-1,2-
dicarba-closo-dodecaborane(12) at 153 K. Acta Crystallogr., Sect. C:
Cryst. Struct. Commun. 1995, 51, 1868−1870. (b) [1-PPh2-2-Me-
closo-1,2-C2B10H10] (IV), C−P 1.884(4) Å. Kivekas̈, R.; Sillanpaä,̈ R.;
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